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smopsis 


Receni; developments, both in tlie theoretical and the 
experimenta,! aspects of spectroscopic techniques have provided 
several ms^gnifioent tools for the investigation of the energy 
structure of large polyatomic molecules. Accurate information 
about the rotational energy levels is deduced on the basis of 
the microwave and the far infrared (PIR) studies, the rotational 
Raman scattering experiments, the vibra.tion-rota.tion spectra 
and the gyrovibronic studies in visible and ultraviolet regions 
both from the absorption and the emission techniques. For the 
energy structiu:e of the electronically excited states, electro- 
nic absorption and emission (including fluorescence and phos- 
phoresconce) spectra are the only source of information. !Ehe 
recent advances in Raman spectroscopy using the laser sources 
(having the characteristics of coherence, high directionality, 
reliahllity, intense bri^tness, monochromaticity, modulation 
and polarization CHRIB/IMP ) have a major role in revealing the 
complex structure and dynamical behaviour of polyatomic 
molecules. Similarly the routine use of infrared spectroscopy 
with multiple reflection cells (which could be operated under 
low pressures) have helped in understanding the isolated poly- 
atomic molecules in vapour phase. 
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111 tliG present study, resolution eleotronie spectra, 

the -vapour phase infrared contours and laser-excited Eaman 
spectra of Pyridine N-oxide, a-j 3-, para- 

fluoro phenol and p an a-f luo ro ben z aldehyde have been studied- 
70. th a view to establish the fundamental normal modes of the 
molecules- in isolated state. The theoretical (normal coordi- 
nate) analysis of -vibrational data of the molecules provides 
a set of force constants as a representative of the potential 
energy for the system. The -Tibrational data have been used 
in ascertaining the degree of transferability of force-field 
and coupling betv/een various modes. The thermodynamic cons- 
tants and other o bservable properties deri-ved from "the 
spectroscopic data pro-vLde a feedback mechanism to test the 
reliability of vibra-tional assignments. Earlier a,vailable 
vibratiop-al data for -idiese molecules have been re-examined 
and s-ui table modifications are suggested on tho basis of 
present more precise data. The thesis consists of six 
chapters. Related figures, tables, references and appendices 
havo been inserted at -cho end of each chapter. 

Various aspects of infrared, Raman and ultraviolet 
spectroscopy which are of relevance -fco the present investi- 
gations have been briefly revie-vved in Chapter I. 

Cliapter II contains details of the experimental set—up 
and techniques used. This includes the description of the 
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purifi caption of samples including the sublimation and frac- 
tional distillation techniques, the vacuum system used 
during vapour phase and low temperature studies, the differ- 
ent sample handln.ng methods for vapour liquid and solid 
phase stu-dies (including Homig-type cell for studies at 
liquid nitrogen temperature and multiple reflection cell 
used for vapour phase IR studies); the RE 521 spectrophoto- 
meter; the methodology for laser Raman spectroscopy of sam- 
ples along with the description of the 03ry-8 2 and Spex- 
1400 spectrophotometers and the 3*4 meter Ebert spectro- 
graph and G-rant automatic comparator densitometer. 

The vapour phase infrared and electronic ■ band contours 
of pyridine R-oxide, its far- and ordinary infrared studies 
in solid and solution phases, laser-excited . Raman studies 
in solid phase to obtain the reliable vibrational assign- 
ments form tlie basis of Chapter III. Ihe A^-tirpe contours 
in high resolution electronic spectra have been identified 
for tlie first time. Accurate vibrational data for all the 
fundamental modes in both the ground ( A^ ) and the first 
electronically excited singlet state ( Bg) of PyO, are 
based primarily on the identification of the Ag and B^- type 
contours and observed sequences and combination bands in the 
hi^ resolution electronic spectra. Other studies and 
comparison with other isoyalence electronic molecules are^ 



used for compailson purposes for the ground state. .Hie main 

effort has been to establish all the fundamental modes for the 
1 1 

and Eg states. The vapour phase forbidden transition of 
P3f) have been correlated mth the solid xfiase spectra. 

Special featnres of the IR band contours such as PE separa- 
tion and relative intensity of Q-branch with respect to that 
of the whole band have been calculated and compared with the 
observed values in PyO. In most of the cases the agreement 
is good. Hie vibrational frequencies of the fundamental 
modes have further heen used to obtain the most suited force 
field on the basis of normal coordinate analysis. Prom the 
observed overtones in the infrared, Raman and electronic 
spectra, the ahharmoni cities associated with the fundamental 
modes have heen calcuH-ated. The ground and the excited state 
geometries of the compound have been discussed and it is 
shown that the excited state geometry is moasoirahly different 
from thait in the ground state. The information obtained both 
from rotational analysis and vibrational data is correlated 
qualitatively. 

In Cha.pter lY, the assigamonts for a-, 3- and y-pi colines 
have been suggested on the basis of well resolved va,pour 
phase infraned band contours, infrared spectra in liquid (at 
different thicknesses) and solid (at RT and IRT) phases. 

The solid phase infrared spectra of a-, 3- and y-picolines 
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have been studied at liqiiid nitrogen temperature. The 
observed changes in peak positions and intensities of infra- 
red bands on going from vapour to liquid and then to solid 
phase at liquid nitrogen tomperaturo have been discussed, as 
also splittings observed (for the first time) in the solid 
phase at low temperature. Tho anharmonicities associated 
mth the fundament.al bands have boon calculated based on tho 
observed overtones in tho infraned sjxctra. The ground state 

— * -Vc 

geometry has boon proposed for a-, 3- and y-i^i colines and 

rotational constants for and B-picolines have been 

theoretically calculated as the microwa\X! data for these 
molecules are not available. The force constants and potential 
energy distribution between the different internal coordinates 
have been proposed for the best fit of the computed and 
observed frequencies based, on noimial coordinate analysis. 

A sirinla,r analysis of infrared spectra in all phases 
of pa,ra-fluoro phenol and p ar a- fluoro be nz aldehyde has been 
discussed in CSmpter Y, 

Chapter VI deals with the thermodynamic properties like 
specific heat a,t constant pressure, enthalpy, Gibbs’ energy, 
entropy, enthalpy of formolion, Gibbs’ energy of formation 
and logarithm of standard equilibrium constant of PyO, a-, 

3 —, Y~.P-*-colines, par a- fluoro phenol and para-f luorobenzaldehyde 
based on vapour phase spectroscopic data. 
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CHAPIEE I 


IITRODTJOTIOIT 


1 .0 General 

Recent developments, botli in the theoretical and the 
experimental aspects of spectroscopic tecliniq.ues, have provi- 
ded several magnificent tools for the Investigation of the 
energy structure of large polyatomic molecules. Accurate 
information about the rotational energy levels is deduced on 
the basis of the microwave and the fax infrared (RIR) studies, 
the rotational Raman scattering experiments, the vibrational- 
rotational spectra and the gyrovibronic studies in visible and 
ultraviolet regions using both the absorption and emission 
spectra. In addition to the above mentioned teclmiques, useful 
data on vibrational energies of a system could be obtained 
from the neutron, inelastic scattering, the thermal diffuse sca- 
ttering, and the proton magnetic resonance experiments. Ror 
the energy structure of the electronically excited states, 
electronic absorption and emission (including fluorescence and 
phosphorescence) spectra are the only source of information. 

A veritable renaissance seems evident in most of these, branches 
of conventional spectroscopy, especially during the last two 
decades. 
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For determining the equilibrium atomic configurations, 
several modifications have also taken place in the diffrac- 
tion techniques involving ilie Z-rays, the electrons and the 
neutrons. Thus classical methods based on stereo chemistry, 
dipole moments atid magnetic measurements etc are only of 
marginal importance to a spectroscopist involved in the 
correlation work of spectroscopic data with known or unlmown 
structures. 

In the present study, high resolution electronic spectra, 
the vapour phase infrared contours and laser excited Raman 
spectra of a few substituted aromatic compoiinds have been 
studied with a view to establish the fundamental normal modes 
of the molecules in isolated state. 

The theoretical (normal coordinate) analysis of vibrational 
data of the molecules provides a set of force constants as a 
representative of the potential energy for the system. Once 
reliable vibra.tional assignments are achieved, the degree of 
the transferability of force-field and the coupling between 
various modes can be ascertained. The thermodynamic constants 
and ottier observable pi’operties derived from such spectros- 
copic data could provide a feed back mechanism to test the 
X’eliability of vibrational assignments. If overtones and 
higher harmonics and combination bands could be established', 
the anharmoni cities in the normal modes could be determined. 
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For determining the equilihrinm atomic configurations, 
several modifications have also taken place in the diffrac- 
tion techniques involving the X-rays, the electrons and the 
neutrons* Thus classical methods based on stereo chemistry, 
dipole moments and magnetic measurements etc are only of 
marginal importance to a spectroscopist involved in the 
correlation work of spectroscopic data with known or unlmown 
structures. 

In the present study, high resolution electronic spectra, 
the vapour phase infrared contours and laser excited Raman 
spectra of a few .substituted aromatic compounds have been 
studied with a vie?; to establish the fundamental normal modes 
of the molecules in isolated state. 

The theoretical (normal coordinate) analysis of vibrational 
data of the molecules provides a set of force constants as a 
representative of the potential energy for the system. Once 
reliable vibrational assignments are achieved, the degree of 
the transferability of force-field and the coupling between 
various modes can be ascertained. Hie thermodynamic constants 
and other observable properties derived from such spectros- 
copic data could provide a feed back mechanism to test the 
reliability of vibrational assignments. If overtones and 
higher harmonics and combination bands could be established, 
the anh ar mo ni cities in the normal modes could be determined. 
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ITde geometrical structure in the electronically excited -states 
could be attempted on the basis of electronic band contour 
analysis* Some prominent aspects of these methods, relevant 
to the present study, have been discussed in the follovd.ng 
sections. 

1.1 E nergy levels of a Ihlecule 

The discrete energy T (in cm” ) in a molecular state 
neglecting the energies of the nuclear spins, the ma,gnetic inter- 
actions and the translational motions and talcing Born-Oppenheimer 
approximation (l) can be expressed as 

T = 0^ + G(v) + (1) • 

v;here Tq, G(v) and P(j, t) denote the pure electronic, the vibra- 
tional and the rotational term values, respectively. 

^ * 2 Ro tational Energ?/ levels 

The rotational energy (in cm”"^ ) for a rigid rotor may 
be written as (2) 

= -pS (A1>2 + B p2 + C p2) (2) 

where P*s are angular momentum operators 5 and A-, B and C 

\ —1 

denote the rotational constants with A = — — cm etc, 

Sir^I.C 

A 
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where ahd represent three principal lacments of 

inertia of a molecnle (5) with — ^C* Depending on 

relative magnitudes of A, B and C all the molecules are 
classified into the following three categories from the view- 
point of rigid rotor energy levels; 

1.21 A symmet ri c lop Rblecules 

Ihe asymmetric rotor is the most generai case 

where 


Introducing the scalar factors - and in equation 
(2) as change of variables, we have (2); 

(oA + p , aB + p , 0O + p ) = cr (A, B, C) P J ( J + 1 ) 

(4) 

Here we choose 


such that 




A -F C 
A - C 


(5) 


aA 4- p = 1 _ _ 

0"P h 0 

aB + p = = k (Asymmetry parameter) 


oC + p 


(6) 
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03he asymmetry parameter k = — 1 or B = C (for prolate symmetric 
rotor) and k = +1 or B = A (for oblate symmetric rotor). 
Substituting relations (_5) and (6) into the eqn (4) we have 

E3, (1, k, -1) = E^(k) = ^ (A, B, C) - ^ J (J+1) 

or E^(A, B, 0) = Bd ) = J(J+1) + (k) (7) 

Bor an oblate rotor B = A. The matrix elements of E(k) are 

<J, K, M|E(k)|J, K, M> = J(J+1) - 2 k^ (8) 

Substituting (8) into the equation (7) and B = A we ha.ve the 
energy term value for oblate symmetric top as; 

B(J, K) = AJ(J+1) + (C-A)K^ (9) 

Here G-A < 0 

and for prolate rotor B = C so the energy term value is 

b(3-:,k) = cj(j+i) + (iV-c) (10) 


Here 


A-C > 0 
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• 22 Idnear and Spherical top Sfolecules 

Por linear molecules I, =0, 1^ = 1^ and k = -1 and 
for spherical top molecules ^ energy levels 

can Toe given as 


E 

E(J) = ^ = BJ(J+1) (11) 


1.23 Symmetric Tor Ifclecules 

A symmetric rotor corresponds to one of the 

limits 

A = B (OBlate rotor)- 
B = 0 (Prolate rotor) 

The corresponding term values are given in equations 
(9) and ("[O)} respectively, where J, and K_^ are, respect- 
ively, the quantum numbers for total an^lar momentum and its 
components on the molecular figure axis. 

*5 Vibrational Energy levels 

A h- atomic non-linear molecule has 3h degrees of 
freedom wj.th 3B— 6 vibrations (3H’-5 for linear molecules), 

3 rotations (2 for linear molecules) and 3 translations of the 
center of mass (4)* !Ihus, in general, there are 3S’-6 (or 
3N--r5) normal modes of vibration describing the relative 
motions of the constituent nuclei. 
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In a normaX or fundamental mode of a molecule its 
center of mass remains stationary and all tlie nuclei move 
in pha.se executing nearly simple harmonic motions with a 
common frequency about their equilibrium positions, yet 
the amp3-itudes may be different for the various nuclei. 

In terms of the mass wei^ted displacement (or normal) 
coordinates the general expressions for the kinetic (l) and 
potential (V) energies is given as 


and 



( 12 ) 


(15) 


where X*s are related to the normal frequencies. 

[Ehe hi^er terms or anharmonic terms in Y affect the 
positions of overtone and combination levels (5) and the 
quadratic term which is predominant for small oscillations, 
gives the usual harmonic oscillator levels. The correspond- 
ing term values are given by ( 4 ) 
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0 } , 


X 




I 

± 


I 





+ 



2 


) 




z 

i 


z 

k 




(U) 


Here are the -vibration^ 'quantum numbers, are tHe 

•vibrational frequencies (in cm"''* ) for infinitismal amplitudes, 

and are anliarmonicity constants, d^ and d^^ are degenera- 
cies of the -vibrations and 1^ , are angular momentum quan-tum 
numbers of degenerate -vibrations 


q , \ = V. , Vj^-2, 1 or 0 

Hor non-degenerate vibrations 1^^ = 0, g^^ = 0. d^^ = 1 or 2 

depending whether i refers to a non- degenerate or dou.bly degene 
rate -vibrations. 

1 .31 Diatomic Approximation 

In case of diatomic molecules, "the degeneracy = 1 , 

1. =0, g., =0 and W x are the anharmonicity constants 
X IJKI 0 0 

corresponding Thus the equa-tion (ijl reduces tos 


& (y) = Wg(y + i) - Wg Zg (y + + Wg Yg (y + +... 


( 15 ) 
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where W ie the harmonic oscillator frequency and ¥ X and 
Wq Yq are the anharmonicity constants. However ^e 

We- 

1.32 Yhe Electric Dipole Ynment 

Hie electric dipole moment is not a linear function 
of the coordinates of the atoms. Hiis can be expanded as a 
power series in the coordinates of atoms as; 




3h-6 

I 

k=1 



+ higher terms 


( 16 ) 


Hie first term in the expansion gives the permanent dipole 
moment Tidiich is responsible for the pure rotational infrared 
spectrum? the second term is responsible for the appearance 
of vibrational infrared spectrum, while hi^er terms are 
effective in providing intensity to overtones and combination 
bands. 

1 . 33 Evaluation of .Anharmonicity Constants 

From the expression (1^) of diatomic approximation, 
ive can calculate tbe sepa^ration of two successive vibrational 
levels; 


AG (V + i) = G (T + 1 ) - G (V) 

= - 2 "e - 2 \ ^ (17) 
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lilcemse the second difference is 

+ 1) = aG(Y + 3/2) - aCt(Y + %) = -2 (1S) 

However, often we ha,ve situations where only the fundamental 
and the first overtone are available. In such cases the 
procedure is to express the vibrational term value in terms 
of the lowest level (Y=0) as zero, i.e. 




G-o(7) 

WY 

0 

- W X Y^ 

0 0 

(19) 

Hence 


&„(1) = 

W 

0 

^ W X 

0 0 

(20) 

and 


SP2) = 

2¥ 

0 

-- 4W X 

0 0 

(21) 

Here 


and G-q( 2) are the 

actual observed 

fundamental and 

the first 

overtone respectively. 

From these 

relations both 


Wq and Y/q X^ can be obtained. 

*54 Infrar e d Yibrational Spectra 

The infrared absorption occurs through changes in 
electric dipole mow nt (M) of the molecular unit arising due to 
its excitation to a hi^er energy level. It may also occur 
throu^ changes in electric moments of hi^er order, magnetic 
monents, etc; however, the absorption through such interactions 
is generally found to be negligibly weak. The vibrational 
energy intervals fall in the conventional IE region and hence 
informa,tions about the vibrational energies is obtained from 
IE absorption spectra. 



11 


1*35 Infrared Band Intensity 

The intensity of absorption line corresponding to 
a transition from the ground state m to an excited state n is 
defined as the energj;" absorbed from the incident beam per square 
cm cross section and expressed ass 


A I 


he W 


nm 


B e h 

mn nm m 


.Z 


( 22 ) 


vdiere 0 = I^*^ gives the intensity of the incident beam, A I 

is the amount absorbed in traversing a layer of thiclcaess Ax, 
is the number of molecules per unit volume in the initial 
state m, and popixlation is considered negligibly small. The 
Einstein transition probability of a,bsorption5 is related 

with the matrix element of the electric dipole moment by the 
relation 



2 

3h^c 


«nml 


(23) 


where 



(24) 


The matrix element is also called 'Ihe transition 

nm - 

moment between the given states m and n. Por an allowed 
transition is "ion Kcrc . 

The formula (^) may be used to determine the interaction 
of electromagnetic wave with (a) electric dipole moment. 
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(b) magnetic dipole momemt (c) quadrupole or liiglier moments, 

(d) induced di polo moment (in case of Ramon scattering), etc 
by substituting appropriate moment in place of 1'^. In parti- 
cular, R^j^ turns out to be zero for all cases wlaere the 
product of the tv/o wave functions involved does not hai^’B the 
symmetry of one of the components of Whon t^:'e electric 

dipole moment "M” gi^^en by the equation (,1_6) is stibstituted in 
( 24 ) the integral corresponding to the permanent dipole rm.-.ient 
becomes zero in \d.ew of orthogonality of >■ functions, and 
Rj^^ comes out to be 


■R _ ^ (M) 

•“nm ^ MQ'^Q=0 


(25) 


where 


and 


2Tr ( IIK )2 




( 26 ) 

(27) 


in this expression *k’ is the force constant, v is the 
reduced mass and is the frequency of vibration of the 
sys tern t 

Ihe extinctD.on coefficient A* is given by 


= h W B N 
I nm mn m 


1 

AX 


( 28 ) 
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and using relations {22), {g5) and (^) one gets 


At _ JLL. 

^ “ 3Q2y ^3Q^Q=0 

wliere is put equal to I'l as a close approximation* 
1 *36 Spectra in Different Hiysical States 


(29) 


Yapour State ; In the vapour phase spectra of simple light 
molecules the individual rotational lines can he identified in 
a IP tation— vibration hand. If the vapour pressure is small at 
ambient temperature better structure is obtained because of 
lov; pressure-broadening, but the path, lengths have to be large. 
Often to overcome instrumental limitations pressure-broadening 
is induced by introducing a non-absorbing gas. This smears 
out the detailed structure, but the integrated intensity is 
not altered. On the other hand if the pressure of the 
absorbing gas itself is increased smaller path length may be 
used, but the structure will again be smeared out, until at large 
enou^ pressures viien gas density approaches that of the liquid 
state, the rotational structure coalesces to give a broad band 
with a pronounced mapeimum at the band centre. 

In the heavier polyatomic molecules, even at low pressure^, 
only band centours wiih I, Q and R branch maxima are obtained,^ 
that too in favourable circumstances. 
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liquid State r In tlie liquid state the molecules in general 
do not exhibit quantized free rotations. Consequently, the 
vibra-tionai Raman and infrared bands do not show any rotational 
fine structure. In fact, in p^ire liquids and solutions the 
■vibrational bands possess a compara'kiTely simple form, usually 
consisting of a single maximum at the appropriate vibrational 
frequency. She shape of 'the curve may be approximated by a 
lorentziar curve of the form 


P = 


a 


(W - W + b^ 
0 


(30) 


where P is the value of absorbance at frequency W having its 

maximum value P^ equal to at •tihe band centre (v7 = W^)| 

o ^2 _ 0 

‘a* and ’b’ are constants. Ihe band half-width^ defined as 
the full width of the absorption band at half the maximum 
absorbance value is given by 

Avi/ 2 = 2 b. (31 ) 


llhe above formulae hold if the instrumental inadequacies 

are ignored. In practice the bands in the liquid state ha've 

-1 

half-mdth in the range of5to10cm . 

In the condensed state some new bands which are not 
present in the vapour state m^ appear either due to the 
formation of new species (e.g. polymers or associated comp- 
lexes) or due to resulting change of ^^mme try which allows 



liie vapour phase infrared or Raman inactive vihra "felons. 


Solid State s In the solid phase, due to absence of rotations 
and homogeneity of environment the vibra"tional baiids may be 
quite narrow. Some changes may also occur in the band positions 
and tbeir relative intensities with respect to vapour phase 
values. The ma,gnitude of frequency changes are small', usually 
not above 3 percent except in cases v/here hydrogen bonding is 
involved. It is noteworthy that different "vlbra'tions of a 
particular molecule may shov/ very different relative shifts, 
which may be with opposite sign. 

In crystalline state another important phenomenon is the 
splitting in the bands. The splittings may be classified as: 

(a) the site-symmetry splitting and (b) the factor-group spHt-fcLngi 
The former type of splitting occurs simply because in several 
cases the site symmetry in the crystal may be lower than the 
molecular symmetry and the selection rules are altered to suit | 
"the crystal symmetry. Consequently, -fehese equilibrium crystal 
field effects may result in the appearance of frequencies which j 
are unexpected for free molecules. Rurtijer, the degenerate 
vibrations may also show splitting due to si'fce symmetry effects. 
However, if a crystal contains *n' molecules per unit cell, 
each non— degenerate vibra"fcion of the molecules may split in"feo ; 
*n’ components due to the possible resonance interaction; and 
"the phenomena is commonly known as factor- group or exciton 



splitting (6-8). If the splittings are small only hroaden- 
ing of bands near peali: positions will be observed. 

In addition to the above two types of splittings, some 
new bands may also occur due to lattice vibrations. Go ::,bina,tion 
of lattice vibrations with the fundamental internal modes of a 
molecule may lead to some additional bands in their vi-brational 
finger print region. 

Phase transformations resulting due to change of tempera- 
ture in solid state may create additional complexities in the 
vibrational spectra. However, in mclecules exhibiting rota- 
tional isomerism in free state the solid phase spectra are 
sometimes simpler than the gas phase spectra, if out of several 
possible conformations one isomer gets stabilized at low 
temperature . 

^ •37 R aman. Vibrational Spectra 

Inelastic scattering of electromagnetic radiations 
now known as Raman scattering was predicted theoretically by 
Smekal (9) in 1923* Sir C.V. Raman (10) observed it experiment- 
ally in 1928. The importance of the ijhenomenon lies in the 
fact that differences be -tween the frequencies of scattered and 
incident radiations carry informations about the dynamics and 
structure of the scatterer. ■ 

The scattered radiations (excluding Raylei^ scattering) 
are found to have frequencies lower and hi^er than the 



frequency of incident light. Ihe phenomenon in the former case 
is knovai as Stokes Eaman scattering while in the latter case 
anti-Stokes Eam^ scattering. An. incident photon at W. falls 
on the sample gnd a Stokes photon at is emitted, 

simultaneously* To conser'v^ energy the molecule is excited to 
a hi^er level, of energy hC W^. If on the other hand, the 
molecule is initially in the excited state (E = lie W^), m. anti- 
stokes photon at may he emitted alongvvith de- 

excitation of the molecule from 7=1 to 7=0. Since anti-Stokes 
emission depends on the number of molecules being in the initial 
excited state, it is weaker than Stokes emission. 

Eaman scattering is usually weak in intensity, hence a 
hi^ intensity source is needed for its observation. For this 
reason, a stimulated interest in its studies and applications 
arose only in the past decade after the invention of hi^ power 
and hi^ly monochromatic continuous laser sources. 

Eaman effect is the result of interaction between electro- 
magnetic waves and induced dipole moment (P) hence is funda- 
mentally different from IE absorption. The two phenomena are 
complementary to each other in providing informa’bions about 
the dynamics of a system. Whether a particular mode of vibra- 
tion would appear in particular type of spectra is ascertained 
by the finite transition probability computed for it using 
appropriate transition moment. 
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1.38 Raman Band 


Odie polarizability theory of Raman band intensity 
was developed by Placzek (11 ) in 1934 considering that Raman 
scattering arises from the ground state pol arizabili iy depending 
on molecn-lar vibrations. 


The transition probability for Raman scattering depends on 
the matriz element of electric polarizability tensor ( '^ ). 

Thus 


= / ’f'n’" “ ’f’n dx 


(32) 


The relationship between the induced dipole moment ('!’) and the 
electric field vector ^ of the incident radiation is given by 



a E 


(33) 


In single crysta.l studies the intensity of Raman band is 
usually treated in terms of scattering efficiency 's' defined 
as (12, 13) 


S _ I^(^s) 

hmJ ' nrnarirtiiniiw t>i -aa. 

R(¥g) 


(34) 


where l(¥ ) is the number of scattered photons of frequency 
¥_ produced per unit time per unit cross sectional area of the 

o 

crystal in the solid angle da about the direction of 
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observaiaon and is tlie number of incident photons of 

frequency ¥g per unit time per unit cross sectional area. 
Por right angle scattering and unpolarized light, Smith (13) 



n - (-Sf)]' 


(35) 


E - E 

where 7/ = 7/^^ = -S and 1 is the effective length of 

crystal from v/hich the scattered radiations are received at the 
slit of the spectrophotometer, a is the density of the scatter- 
ing centres, k, the Boltzmann's constant and T, the absolute 
temperature . 


IHie experimentally observed Raman band intensity, which 
is proportional to the related value of s, as such can be of 
only relative importance. Here also the integrated intensity 
of the band may be considered to be of more significance than 
the peak intensity. 

1 .39 Eepolarization Ratios 

Eor the conventional right angle geometry for Raman 
studies, the depolarization ratio . P is defined as the ratio 
of scattered intensity which is polarized perpendicular to the 

, ' ' ' I 

electric field vector E‘, i.e . in the direction of propagation i 
of the incident light, to the intensity parallel to E. If 
S] and Sj, are the scattering efficiencies of a mode respectivelyi 
in these 'two conditions then the depolarization ratio for the | 
mode is given by I 
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P a: 



(36) 


1.4 Vibrational Bo 1; aid- on al Energy le-yels 

In a free raolecnle, rotation can take place simulta- 
neously v'nt}.! vibration wbicli gives rise to the fine structure 
of infrared and Eaman vibrational bands. Uiis fine ' structure, 
v/hen it is well resolved, leads to a very accurate and reliable 
information about the structure of a partictilar irolecule. Also 
from this fine structure we can determine moments of inertia, 
intemuclear distances and valence angles, in many cases with 
greater accuracy than by any other methods. 

!Ehe total energy of vibration and rotation of a molecule 
(say for a linear molecule) is given by 


1 


G- (v^ , , 


) + (j) 


= I W. (v. + 1) +1.1 + ■^) (Vj, + -^ ) 


1 

4 “ 


I Sii (J+1)2 


(57) 


For every vibrational state, there are a set of rotational 
levels, but v;ith sli^tly different spacings. Ihe details of 
rotational and vibrational energy levels have already been 
discussed, under section 1.2 and 1 .5, respectively. 
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1 . 41 Infrared Band Contours 

Infrared band contour analysis is one of the most 
powerful tools in the analysis of normal modes of '^bration. 

Ihe informa'bion about the rotational constants and the selec- 
tion rules can be obtained from the sha,pes (A~, B-, C- or 
hybrid type) of band envelopes arising from the unresolved 
rotational transitions. This technique is very useful in 
identifying and ascertaining the location of some bands more accu- 
rately^ particalarly in regions overlapp^'l by other bands. 

The observables involved are: 

(i) the separation of P and R branch peats ( 

(ii) the relative intensity of the Q branch as compared to the 
integrated intensity of the whole band ^^q/^-total^ 

(iii) the actual shape of the band contour. 

If explicit relations could be established betrveen these 
observables and the molecular parameters, one could use band 
contour analysis to deduce these parameters. The situation is, 
however, quite complicated both from theoretical and experimental 
stand points* However, before reviewing the the roeti cal status 
in the field and presenting our data on substituted aromatic 
compounds it will be appropriate to clearly state the termino- 
logy used in the contour analysis. 
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1.42 [gie Band Types 

For infrared active modes the transition moment may 
be directed along any of the principal (a, b or c) axes or may 
have components along more than one jjriiicipal ajiis. Eesnlting 
bands are termed A~type, B-type, G~type or hybrids, in that 
order. A band of a near symmetric top described as ‘A- type’ is 
of a parallel tj^pe in a prolate top and of perpendicular type 
in an oblate topi whereas a ’ (5 -type band is of the parallel t;^e 
in an oblate top and of the perpendicular tj^'pe in a prolate top. 

A ’B-type’ band is of the perpendicular type in both prolate and 
oblate top molecules. 

1.43 Ihe Sfclecular Parameters 

The molecular parameters required for the calculations 
of the PR separations and the relative Q branch intensity with ■ 
that of the whole band are either ftinctions or simple ratios 
of the rotational constants A, B and C. The frequently used 
parameters are K, Q, , p* and S(3), They are defined as 

2B - A - 0 

K ^ ____ 


(38) 


8 = ^-1 or 1-1 


for prolate or oblate molec^lles respectively! 
And 

jL A — 0 


(39) 



23 


The molecule is referred to as the oh late type for k = + 1 
and for all values of P in the range - 0.5 £0 <0 whereas it 

is considered as prolate type for k = -1 aud for all values of B 

■Tf 

in the range 0 < 3 < « , !Ilie constant p may ha^ve all .values 
between 0 and “ for prolate asymmetric top moloculers but it 
can not exceed unity for oblate molecules. The constant P 
and 3 are identical for symmetric tap molecules. The parameter 
S ( 0 ) is defined empirically as 

log^o s (P) (+0) 


which is foiind to hold good within 0.5 percent for 3 in the 
range -0.5 to + 100.00. The constant S ( B ) may have a fixed 
value or lie in a specific interval depending upon the type 
of the molecule. 


1.44 Symmetric Top K b lecules 

Gerhard and Dennison (14) have shown that for 
parallel bands 


Total 


[log^ + ‘''pTI ) - *'3/0+ 1)3 /b 47(b+ 1), 
© 


for !3 > 0 1 


^ctal 


(41) 


= j , for 


= 0 ; 


Total 


= [ '^-0(1 +0) - sin”** / -13/(1 +b), for 3 < O 5 
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where I Q refers to the intensity of the Q-hranch. 

Star parallel hands an increase in Iq is observed for any 
decrease in 0 in the range » > 3 > 0, Ihr negative values of e , 
Iq increa,ses rapidly and reaches maximum for & = -0.5* In the 
two limiting cases 3=0 (spherical top molecules) and 3 = ® 
(linear molecule), the values of Ig/^giotal zero and 

respectively, 

Por perpendicular bands, the intensity of Q-branch should 
be comparable to the P- and R branches when >3^-0. 5» Iq increases 
with the increase in 8 and equals ^ of the total intensity 
of the band for 8 = 0 (there is no distinction be'tween parallel 
and perpendicular bands for 6=0), Ihe intensity of the Q-branch 
increases rapidly for positive values of 2 and all branches 
become broader with their maxima lower, Por very large values 
of 6 the PQR structure of the band disappears and the shape 
of the band resembles a G-aussian error curve, 

(Ehe second factor determining the total structure of the 
band is the PR separation. According to Gerhard and Dennison 
(14) the PR separation of the parallel bands may be ?;ritten as " 

Av^^( {l) - 5S ( 3 ) [2 61/9]^ cm*""* (42) 

It may be seen from the above formula that for 6=0 (the 
molecule is spherical top) the PR separation is given by 

=s 10 1 ■^3’^ cm'""* 


(43) 



Tlie parallel an.d perpendicular “bands would not be distin- 
guishable in this case. Por 0 = » ,ieS(e) = 1, the molecule 
is linear and the PR spacing is given as, 

'"'PR= ^-1 

In both the spherical top and linear molecules the PR 
separation of parallel and perpendicular type bands ?ri.ll be equad 

Por the PR separation of tbe perpendicular bands Gerhard 
and Dennison (14-) have proposed the following relation 

Avpj^ (1) = 10 X [ cm”^ (45) 

where x refers to the distance between those points of the 
envelope where the absorption coefficient of the P and R branches 
is maxiraum. 

Seth-Paul and Dijkstra (15) have suggested the formula" 

AVpj^ (i) = Avpj^Cll) (46) 

1 d 

for the range - £ 6 and this relation may be used as a 

substitute for this interpolation technique. 



Hollas (16) has foimd that hand contours can he 
considerably influenced hy the differences between rotational 
constants of ground and upper Tihrational states, and therefore 
any program for computing the contours of vibrational bands must 
take care of this fact. Franks and Innes (1?) have demonstrated 
the use of this method to deduce k from measured values of 
I^/ljotal favourable cases. 


!Ehe calculations of Gerhard and Dennison were extended to 
asymmetric top molecules by Badger and Zurnwalt (13). Using a 
computer program band envelopes were drawn for different 

'I -1 'T 5 

conbinations of molecular parameters P = ^ and and 

k = - -i", 0 and + %. General formulae, neither for the band 
coninurs nor for the PE separations, were given. PR separations 
of A-, B- and C-type contours could be calculated by estimating 
X values from ihe figures (19) and then substituting in the formula 
( 20 ) for symmetric top molecules. Phough this method is quite 
convenient for a large number of molecules, the main difficulty 
is experienced when the p and k values lie beyond the range for 
which the band envelopes ■ are drawn. 


In order to overcome these limitations Seth-Paul and Dijkstra 
(15) worked out a procedure and gave the formula 


. ii 1/2 , 

AVpg = 10 X [ ] cm 


( 47 ) 



27 


wliere x is either a mniber (a constant ratio of rotational 
constants) or a function of molecular parameters and' 


and 


B = 


BG 

B+C 


or 


m ■ 

A+B 


B + 1 



or 


J3 
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for near prolate or near oblate asymmetric top molecules 
respectively so that, 

B = B and S(i) = SC3) 


As a result, the eq.uation (42) is transformed, into 


« BT 1/2 

AvpR Cl I) = 10 see) I — ] 


= sci). 6 


(48) 


3 a. f 

Bor B(J,) and C(_j,) bands in 1he range <p'‘< 3 (a case of 
interest in the present study) Seth-Paul and Dijkstra’s (15) 
expressions may be put in the form 


&Vp^Ba)= « (49) 

and 

Avpj^ CCD = |s(i3. 6 


(50) 
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Expressions are not available for th.e ratio for 

bands of asynmetric top molecules. We, therefore, propose to 
extend the application of relation (41 ) to asymmetric top mole- 
cules jList replacing g by g . 

1 . 46 Hybrid Bands 

Seth-Paul and De Meyer (21) found abetter agreement 
between the expected and observed PE separations by using the 
formula 


= [< X tan (a+1)}/ tan (a+ 1)] ( 51 ) 

where S^jj denotes the PE separation for pure a-type band, a and g 
are the angles between the oscillating dipole and the a and b 
axes of the' molecule respectively. If Av (A) and Av (B) are the 
PE separa'tions for pure A-type and pure B-type bands respectively, 
the formula (51 ) is equiva,lent to, 


Av(A) cos a + AvCB) cos S 

AVpj^ (ag) = (52) 

cos a + cos g 

However, this is again an empirical formula. Phe uncertain- 
ties in measurements of values (particular in hybrid bands) 

are so large that the relation (52) can at the most be used only 
to check the hybrid character but not for deducing the direction 
of the dipole— oscillations within any narrow range. In fact we 
find that simple rule of three formulae like ' 
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oAvCA) + 3Av (B) 

^ ( 53 ) 

a + B 

gives as good a fit as formila (52) in a^lmost all cases. 

^ • 5 The I\rorPxal Coordinate in a lysjLs 

The frequency of the normal vihration is determined by 
the kinetic and the potential energies of the system. K.E. is 
determined by the masses of the individual atoms and iiieir 
geometrical arrangement in the molecule. On the other haid, 
the P.E. arises from interaction between the individual atoms 
and is described in terms of the force constants. 

Since P.E. provides valuable information about the nature 
of inter-atomic forces, it is hi^ly desirable to obtain the 
force constants from the observed frequencies. This is usually 
done by calculating the frequencies assuming a suitable set of 
force constants. If the agreement between the calculated and 
observed frequencies is satisfactory, the set of the force 
constants is adopted as representative of the P.E. for the 
system. The whole process is known as normal coordinate 
analysis. 

'^ •51 iim of the Normal Coordinate Analysis 

Work on the force fields of individual molecules may 
broadly be divided into two categories, firstly, there are 
approximate treatments, using, as feasible, a few force constant 
pexameters which are designed to aid the interpretation of 
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the observed, spectra aad which act as a guide to the approximate 
values of any missing frequencies. Secondly, there are more 
exact treatments which are possible when all the frequencies 
are kno7m and have been assigned to their symmetry classes. 

Ihese more elaborate treatments are aimed at finding force fields 
w'hich are as accurate as possible. These more accurate data can 
be used for' . ■ 

(a) a comparison with ?/ave mechanical treatments 

(b) a comparison between molecules and suggesting ■'ri.sl force 
constants for related molecules. 

and 

(c) determining the form of the normal coordinates which, in 
turn, are required for interpreting observations of infrared 
and Raman band intensities in terms of dipole mcments, 
polarizabilities and their derivatives. 

1 . 52 0 al cu 1 ation Pro cedure 

To calculate the ibrational frequencies it is necessary 
first to express both the potential and kinetic energies in terms 
of some common coordinates. ■ Internal coordinates 7/hich are the 
changes in bond-lengths, bond-angles, out of plane-v/ags and 
torsions are more suitable for this purpose than rectangular 
coordinates, since.' 



(i) the force constants expressed in terms of internal 
coordinates ha,ve a clear physical meaning than those 
expressed in terms of rectangular coordinates, and 

(ii) a, set of internal coordinates does not involve transla- 
tional and rotational motion of the . laolecule as a whole. 

The Wilson’s G.!. matrix method (22, 2J) is mostly used 
for calculating the normal modes of -vibration. OIhe Kinetic (t) 
and potential (v) energies in terms of internal displacement 
coordinates are written as, 


and 


2T = p i 

27 = R+ PR 


(54) 

(55) 


respectively. The elements of the P matrix are not independent and 
a transfermation Z is defined (24) such that 

^Ki "" I Hi ^ 56 ) 

where 0 . are the independent Urey- Bradley or valence force constants. 

j ■ • - 

The G matrix or inverse kinetic energy matrix in terms- of the trans- 
formation matrix B is written as 

G = B p 

Hi ~ ^i ®li^°k 

(K=1,2,3, 5h-6) 


or 


(57) 
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where, tiL is the mass of the i-th atom, ]f is the number of atoms 

-1 

and M is a diagonal matrix 7/ho.se , i-th diagonal element .u- is the 
reciprocal of the mass of the i-th atom. 

In terms of ihe internal coordinates the vibrational secular 
equation which is to be solved takes the familiar form (25)^ 

1“^ G I; I = A ( 58 ) 

or 

G k I = L A (59) 

where ,A is a diagonal matrix of tie frequency parameters 
and 1 is the transformation matrix from normal coordinates Q 
to internal coordinates R 

«nui 

R = !• S ( 60 ) 

The transformation of Cartesian coordinates X to internal 
coordinates R is expressed as ' 

R = BX (61) 

The solution of equa,tion ( 59 ) yields the eigenvalue, 




( 62 ) 


related to the vibijational frequency (in wave numbers) 
by the relation 
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4 2 2 ^2 
4Tr C 

N 


(63) 


and eigen vector L of tlie d3?na,Diical matrix. Hie terms 

considered as tlie elements of a 

matrix (JZ) of dimension nm where n is the number of vibra- 
tional frequencies and m is the number of independent force 
constants in the. assumed potential function. Equation (59) 
can be \vritten in the matrix form as 

A = J Z ^ (64) 

GZhus a measure of the nature of the normal vibrations (mixing 
of various modes), i.e., the fractional potential energy 
distribution (PED) associated with each internal coordinate 
defined as’ sa array of terms, each of which represents that 
fraction of the potential energy in a normal mode of vibration 
which stems from a particular force constant is given by 

PED = A"''* y z 0 

«s»» Baa* *«• 

Olhus the fractional potential energy of the i-th normal mode 
associated with the K— th internal coordinate and 02 (UBPO)is 
given by ■" . , 


jL ‘•Ki Hi 


( 65 ) 



1*6 Electronic Spectra 

!Eh.e electronic spectra arise froia transitions between 
electronic states and are accompanied by simultaneous cbanges 
in the vibrational and rotational states. Consequently, in the 
ultravxlet and visible regions, the absorption or emission is 
associated with the familiar progressions and sequences of bands 
corresponding to each of the 3M’-6 (or 3 E-5 for linear ^©leciiles.) 
vibrations (26, 27). In addition , Ihe rotational energy levels, associate 
with the vibrations in both the electronic states result in 
the observed rotational structure in each of the gyrovibrord-C 
bands. The individual lines in the rotational st 3 ?ucture in case 
of light molecules could be easily isolated with the hi^ 
resolution spectrographs available today. In heavier molecules, 
having large values of principal moments of inertia, only 
gsrro vLbronic contours are obtained even tinder the hipest reso- 
lution available. This occurs primarily because the separa- 
tion between two lines becomes smaller than the Doppler band- 
width of lines. However, these band contours provide 
information about the symmetry, nature, and geometry of the 
electronic states involved. : f 

1.61 Intensity of Electronic Transition 

Similar to the intensity expressions of absorption 
line discussed in section 1.35, the electronic intensity- 
probability between -fehe states n and m is ^ven by 
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Sh^c 



( 66 ) 


© 

where is the electronic transition moment given by equation 
(33) • nihe total absorption of the electronic transition is given 


A = 


/ 

band 


kw dw = 




B ^ hw__ 
mil nin 


8ir\_ 


nm 


ffci [r* 


e i2 


(67) 


3hc ” ''nm' 

ilhe absorption coefficient kw and its integral over the whole 
band is the experimentally determined quantity. The oscilla- 
tor strength f^^ is related with the transition probability 




vhC^ w 


nm 


IT 


mn 


( 68 ) 


where u. and 6 are the mass and charge of the electron, kor 
strong transitions f^^^ is of the order of one. 

1 .7 Fermi Resonance 

Fermi resonance occurs when t?;o energy levels of a 
molecule having the same symmetry and. approximately the same 
energy interact with each other; in other words when they are 
accidently almost degenerate. The phenomenon results in the 
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repulsion of two levels and large enhancement in the intensity 
of weaker transition. 

[Theoretic ally 5 if 1 ( 1 ° and represent the unperturbed 

wave functions of two states involved in fermi resonance, the 
perturbed states would be defined by 

’J'l “ h '^1 ” ^ ^^2 (69) 





^2 


o 0 

+ 3.^ ^2 


( 70 ) 


where 


and 


a^ and ag are such that 

2 ^ 2 „ - 
a^ + a^ — 1 


. A ♦ 5 1/2 

a-, = I 1 

2A 



A _ 6 1/2 

■ I 

c 2A 


( 71 ) 


(72) 


when 6=0, we obtain equal mixture of if<° and and when 5 

X ^ 

is very large and * H®re 6 is the 

separation betv/een unperturbed energy levels while A is 
that observed between perturbed levels. 

The ratio of intensities and 1 2 of observed transitions 
may be computed in terms of intensities and 12 *^^ respective 
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unperturbed transitions from tfcie following equations 

I -j 9-^ 1 9-2 I 2 + 2a^ 9-2 ^ 2 ^“^ 

“*r = '~2 — -j— -> — * — ^ ^ ^ — 

Ig a2 I.| + I 2 + 2a^ a2 (l-j ^2^^ 



( 73 ) 


The clioice of -fiie combination of signs depends on whether 
the matrix element of perturbation potential 7^2 ^ or< 0* 
The intensity I 2 of unperturbed overtone (or combination) mode 
can reasonably be regarded as zero. We have therefore" 


■1 


2 

"T 

^2 



(74) 


j t 

Por known values of , I 2 end A , this equation can provide 
tlie value of 6 . 


1.8 Thermodyaamic Properties 

On the basis of data obtained from molecular spectro- 
scopy, one could deduce the thermodynamic functions (ie the 
Gibbs energy G°, the enthalpy H°, the specific heat and the 
entropy S*^) witii a great precision. Such calculations provide 
the unique method to obtain these data for some molecules in 
which no such data could be obtained by direct experiments. In 
general, however, a comparison of the calculated and observed 
quar. titles provides an additional evidence for the validity of 
the vibrational assignments i’ 
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1 . 81 llatlie main- cal Relations 

Olie well laiown formulae (4,29) are used to obtain 
the fo llowing: 


Pree energy content function; 


e° - H° 


= -R lo g 




(75) 


Heat content function 


H° - H° , 

^ = HI [~j^{ log Q )] + R 


(76) 


Entro py 


= (lljlJEo) . ( - Hg ) 

T • T - 


(77) 


and Heat capaoity, 


= 

P 


C° + R 

V 


+E 


R 



d (1/T ) 


+ E. 


(78) 


where R is the gas constant, H° is the zero point energy, T is 
the absolute temperature of the molecular system, E°-E° is the 
total energy in excess of the zero point energy, end Q is the 
total partition function which is given under well ImoTOi 
approximation by 


“ *^tr ’ *^ot * ^vib . 


(79) 
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where tr, rot and wib denote the translational, rotational and 
•vahrational contrihutions respectively. The expressions for the 
Q‘ s can be given as i 


„ 2 » m KT \ 

®tr = ^ (-"TT— ^ 


( 80 ) 


v/here V is the total volunB of the system, m is the molecular 
wei^t (in grams) and other symbols, have their usual meanings, 
likewi se : 




rot 


_ ( ^Q)^ hT N3/2 


vr- 


h" 


O' 


( 81 ) 


Here a is the symmetry factor and and are the three 

principal moments of inertia. Similarly 


0^^ = [1 - exp (-hCa)^AT)3-'^i 


( 82 ) 


In the above expression stands for ith vibrational 

— “I 

frequency (in cm”" ) and d^^ denotes its degeneracy. 

Hor the purpose of actual calculations the thermodynamic 
functions may be arranged in the following form; 


e°-H° 


T 


2. = -E[logtC^)5 .5 „3/2 I |] 


H® - H° 


I d-i { log [ 1 - exp (x:^^)]}] 

R C 4+1 \/i - 1)^ 3 


( 83 ) 

( 84 ) 
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0 


and 

where 


d . ( Z. ) ^ exp Z-. 

= E U+ J i ^-h] 

1 (exp Z^ - 1 )‘^ 

= _ 1.4388 Wi 


kT 


H 


(85) 

( 86 ) 


being one of the fundamental frequencies in wave number. 

Substituting the values of various constants (30) for an 
ideal gas at one atmospheric pressure, equation (85) may be 
simplified ass 


(f - H° 


^ - E [ —8.286 6 + 4 log T + 1.5 log M + 0.5 log 


I d. log {1 -exp (-1.43^ W. n 
i 1 Y" ' ' ■ 


(87) 

where M is the mass of ilie molecule in amu and h and Iq 
are the principal moments of inertia in axou.A°^« 


"* *^2 Entropy au-d free Energy of lUxing 

According to Schottkey and Wagner (31) the entropy and 
free energy changes due to mixing of non-interacting ideal gases 
(for a total of 1 mole of the mixture of ideal gas) are given by 

A S° = - E I log (88) 



E I N. log E. 
i 


where E^ is the mole fraction of the ith species. 


( 89 ) 



41 


1*83 Heat« Free Eiierg:y and Equi librium constant of Formation 
The calculated thermo 1301 ami c functions, the experi- 
mental heat of forrna'fcion ' and the nuo dynamic functions 

■ ^ 298.16 

of C (graphite), H2(gas), 02(gas), and Cl2(gas) (30) may be 
used to compute values of AHf°, i Of ° and log-jQ Kp at the 
desired temperatures using the following relations 

AHfp = A g + (H° - Compound 


- I (H° - H^gg^^g) elements 
Gf° = AHf° - f ASf° 

where 

ASfp = S° (compound) - I (elements) 

- AGf^ 

log^Q Kp = 070^43758452 


(90) 

(91) 

(92) 


AHfp and AGfp are heat of formation and Gibbs energy (or 
Free energy) of formation, log^gKp is the equilibrium constant 
in terms of pressure and A Sf^ is the entropy change for the 
formation of iiie molecule. 


1 *9 numbering of hormal Mcdes 

The vibrational modes in the substituted Pyni dines 
are numbered after those of benzene (4,5)« As there are more 
than one convention for denoting the vibrations of benzene^ 
itself (4,5,32), we have followed the Wilson's method (32) • 
Wilson has arranged the symmetry species of Dgj^ benzene in 
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the order , A^g , B^g , B^g, ®1u» ®2a> 

^2a ^1u* Subsequently, the frequencies are arranged in tbe 

increasing order of their magnitudes in each of the above species. 
Thus, each of the vibrations has been denoted by a number running 
from 1 throLi^ 20 in benzene . A very significant point to under- 
stand Wilson’s numbering is the followings Bormal coordinates 
of the vibrational modes are expressed in terms of the generalized 
coordinates of carbon and hydrogen; and for the modes involving 
similar expressions for normal coordinates, those involving carbon 
coordinates are given lower mimber than those involving hydrogen 
coordinates in any of the above species. 

In Table 1.1 Wilson's numbering (32) has been compared with 
those given by Herzberg ( 4 ) and Whiffen (33)* Subscripts "a” and 
"b” with the Wilson's numbering have been used to denote the two 
components of the degenerate vibrations of benzene which split in 
the mono substituted benzenes or pyridines having ^2v point group. 
The symmetry classes of the vibrational oxides, in the last column 
of Table 1.1 are denoted after lAilliken (34)* The normal modes of 
vi.brations for mono substituted benzenes are shown in Fig 1.1. 
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TABU 1.1 



COMPAPJSOH 

■ OB SYSTEM OB HOTATIOHS 

i BOR 1©H0 SUBS TI- 


TUTSD 

BEHZEHES 



Vibra- 

tional 

species 

ofBenzene 

Descrip- 
tion^ S'! 

Wilsons’ Herzberg’ s 
Humber Humber 

Wliif fen’ s 
Symbols 

Species of 

C 2 v Symmetry 

■hg 

vCC 

1 

2 

P 



vCH 

2 

1 

^1 

Ai 

^2g 

ecH 

3 - 

3 

e 

B„ 

2 

®2g 

TCC 

4 

8 

T 


®2g 

YCH 

5 

7 

2 

b 


accC 

6a 

18’ 

t 

JL, 

2g 


6b 

18 

s 

4 

2g 

VCH 

7a 

7b 

15’ 

15 

a 

h 

^2 

® OlT 

vOC 

8a 

16’ 

k 


2g 


8b 

16 

1 

^2 

®On. 

ecH 

9a 

17’ 

a 

h 

2g 


9b 

17 

c 

b| 

E. 

^g 

ych 

10a 

10b 

11 

11' 

S 

i 

h 

®i 

•^2u 

YCH 

11 

4 

f 

B^ „ 

®1u 

aCCC 

12 

6 

r 


®1u 

vCH 

13 

5 

^2 

•^'•1 

■ ®2a 

vCC 

14 

9 

0 

=2 

®2a 

BCH 

15 

10 

d 



«CC 

16a 

20 

w 


2u 


16b 

20» 

X 

4 


Contd . . . 
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®2u 

YCH 

17a 

19 

h 

Ap 


17b 

19’ 

7 



ecH 

18 a 

H 

h 

=2 


18b 

14’ 

u 


vGG 

19a 

19b 

13 

13’ 

m 

n 

^2 

'Slu 

vGH 

20a 

12 


h 


20b 

12’ 

4 

4 


(a) In these notations, v , a, 3j y and ^ denote bond 
stretching, angle deformation, in plane bending, 
out-of-plane bending, and torsional deformation or 
twist of the bonds or angles betv/een the atoms 
written after each symbol, respectiTely* 
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CHA PTER II 

EXPERT I, EIITAP RETA ILS 

2 * Pu rification of Samples 

The original corapomids of Analar grade ?;ere obtaJ 
from Aldrich Co., E. Merch, British Drug House and Bastmah 
(red label) Co. for present investigation. To ensure the 
grade purity of the samples they were further purified by 
using the sublimation apparatus (vhiere necessary) and the 
vacuum system described below. 

2 • 1 S ublima t ion Apparatus 

The vacuum sublimation apparatus is illustrated 
Pig 2.1 . This apparatus was used for initial purification 
Pyridine N-oxide. The jacket ‘J’ containing the sample wa^ 
heated to 50° C in a water bath B. The jacket was evacuate^ 
and the cold waiter was circulated into the inside tube T, 
sliom in the figure. The cotnpomd evaporated, under low 
pressure in the jacket, was deposited on the cooler surfac^ 
the tube T in a pure solid form. The compound thus purifi^*^ 
collected in a pyrex tube for further purification by 
fractional di stillation. 
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2.12 Vacuum System 

Hie vacuum system shown in Pig 2.2 was fabricated for 

(i) purifying the samples immediately before recording the ^ectrum 

(ii) filling the gas cell (iii) obtaining thin solid films of 
samples at liquid nitrogen temperature (HIT). Hie glass majiifold 
from J-} to shown in Pig 2.2 could easily be detached from iiie 
rest of the vacuum system. All the stopcocks, joints and connecting 
tubes were a^lways thorou^ly cleaned before any new compound was 
introduced in the system. Specia.1 care was always taken to leave 

no trace of impurities inside the manifold. Traps aid T2 
cooled externally by liquid nitrogen to prevent 1he contaiii nation of 
the Duo Seal forepump (model I4O2 from Welch Scientific Company) 
and/or the single stage oil diffusion pump by the vapours of llie 
samples. Three-litre capacity bulb B is a safety storage tank for 
the oil of the vacuum fore pump in case of breakdown of the poweiv- 
supply. S-^Q is a release valve for the forepump and P^,P2 and P^ 
are the three flasks used to purify the sample. The system was 
capable of giving vacuum of the order of 10 cm of Hg inside the 
glass manifold. 

Por purification, the sample was kept in one of the flasks 
(say P^) which was attached to the system through a joint (.J 2 "^ • 
Initially the whole system was evacuated except the flask P^ . 
Subsequently the stop cocks and S^ were closed and the flask 
P^ was opened to the vacuum line for a small period, after it 
was cooled to liquid nitrogen temperature. Then the inlet of. 
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another flask (say Fg) cooled to liJl wa.s al® opened to the 
vacuum system. After about half an hour the stopcock was 
closed and the coolant outside the flask v/as removed. The 
flask F^ gradually attained hie room temperature and the 
sample evaporated and collected in the flask Fg* After 
collecting adequate amount of tne first portion of tlie sample 
in fla^ ^ 2 ) middle portion of the sample (which must be 

comparatively more pure) was collected in flask F^ in a similar 
fashion. This iirocess was repeated several times for all the 
compounds to obtain the pure samples. We purified our compounds 
at least three times by iiie above process before filling them 
into the gas cell or pyrex break seal tube. 

2.2‘'’ Sample Handling 

The infrared, Raman and electronic spectra in the 
solid, liquid and vapour phases were recorded by using suita- 
ble sample handling techniques, depending upon the nature of 
the sample* 

2.21 Vapour phase; Filling of the Sample in the mitiple 
Reflection Gas' Cell ' ' 

The vacuum system including the multiple reflection 

gas cell was evacuated to the desired pressure and then the 

stopcock S^ was closed* Purified sample was eva,pora<,ted into 

the gas cell till a required band intensity was obtained* In 

case of samples wiih low vapour pressure, the tube connecting 

the cell and the vacuum system, was heated by wrapping a 

l.l.l. ; diiFUR 

CENTRAL I 




Aec. No. 
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heating tape on it. The samples ha'ving verjr low vapour 
pressure, were collected in a small pyrex tube and directly 
kept inside the cell. The cell xvas eva.cuated. for a long period 
to obtain the desired pressure and then heated by heating tape 
till the required vapour pressure of the sample was obtained. 

2.22 Adjustment of Path length of tiie Jiiltiple He flection 
Gas Cell' 

The vapour phase spectra of the samples were recorded 
on the P.S, 521 spectrophotometer using the multiple reflection 
cell with 811 adjustable path length from 1 to 10 meters in 
steps of 1 meter. The optical path of the cell is shown in 
Pig 2.5. 

Before maintaining the hard vacuum in the multiple reflec- 
tion cell, the desired path length was obtained by adjusting 
the mirrors }i 2 and and coimting the images of the slit 
in Mg. We used 4 meter path lengths at low pressures to obtain 
well resolved band contours. longer path lengths could not be 
used because beyond 4 meters the total intensity of the sample 
beam was less than 25 percent of the reference beam. Thi s was 
due to medium quality coating of the mirrors. 

2 . 25 Pilling Gas Sample for Electronic Studies 

Por hi^a resolution electronic absorption spectra 
of pyridine IT-oxide, the compound was put in a side tube of 

1.25 meter long cell of pyrex with 2 inch diameter quartz 
windows fixed to its ends wiih epoxy resin. The cell was 
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2.25 Solid phage Sample in low letnperalrure Cell 

'liie spectra of the samples in solid state were 
recorded using tlie low temperature cell in Pigiire 2.4* 

!E!ais cell is sli^itly different from the conventional Warier- 
Earning typ.e cell (1). Ihe low temperature cell can directly 
be inserted in the sample beam of the infrared spectrophoto- 
meter v;ithout any material change in the optical path. Prior 

—5 

to cooling, cell was evacuated to a pressure of about 10 cm 
of Hg. 'Then the vapour of the sample from vacuum system (cf 
section 2.12) were evaporated into the low temperature cell in 
an identical fashion and there they were deposited on the 
cesium bromide plate on the cold finger e.fter few heating and 
cooling operations. Extremely deliquescent samples having 
low vapour pressures were pressed bet’/reen the tv;o cesium bromide 
windows and put in the cold finger of the cell. Ihen the cell 
was evacuated for some time to get an spectrum of water free 
sample at room temperature, Eow the liquid nitrogen was poured 
in the dewar and the temperature of the sample ¥\?as measured by 
Oopper-contantan thermocouple. After some time the copper frame, 
and the sample in cesium bromide plates in the cold finger 
attained the temperature of the refrigerant (INl), and well- 
resolved infrared spectrum was obtained. 

2.26 Quartz capillary and Pyrex [Cube for Raman spectra 

03he triply distilled sample was filled under vacuum 
in a Quartz capillary tube of 1*5 mm dianeter and a pyrex 
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loreak~seal ■fcu'be of 1.2 cm diameter. Initially the Raman spectmm 
of the micro crystalline sample in the qp-artz capillary was excited 
with 514.5 nm radiation of the ion laser and recorded on Cary- 
82 spectrophotometer. The other P.aman spectra, were recorded on 
a spex 1400 double monochromator. Here the sample was excited in 
a pyrexbreah— se al tube with an Ar"^ ion l^er (coherent Radiation 
Jifodel 52 ) operating at 488 *0 nm. 

2 • 3 Recording of snectra 

Infrared, Raman and liigh resolution electronic spectra 
of the compoimds under study were recorded on the following 
ins truments . 

2.51 Infrared spectronho tome ter 

The infrared spectra in the solid, liquid, and wapour 
phases were recorded in the region 4000“250 cm on the Perkin— 
Elmer libdel 521 spectrophotometer (2) designed on the optical 
null principle (see figare 2.5 for its ray diagram). Two 
diffraction gratings with 100 lines/mm and 25 lines/mm, respect- 
ively fixed back to back are used in the monochromator. The 

—.1 

first grafting is used in tlie first order (650-2000 cm ) and also 

in the second order (2000-4000 cm"^ ) , and the second grating 

-1 

is used only in the fiist order in the region 250-630 cm 
Suitable interference filters are used in the instrument to 

eliminate higher spectral orders. The source of infrared^radia— 

-1 . 

tion is "the Remst glower. A resolution of about 0.3 cm is 
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obtained at 1000 \\dtli slit vddtiis of about 70 microns. 

Ebe instrument automatically records tbe infrared transmi stance 
of the sample as a function of frequency of the incident radia- 
tion... The abscissa and ordinate of the chart papers are linear 
in cm*”'^ and percent transmittance (0-100) , respectively. In 
the hi^ resolution runs tlie scale factor of tlie chart paper was 
adjusted to give a separation of 1 cm“^ per division on the 
recording chart (Of ..10 cm”"^ per division for normal runs). !Bae 

accuracy is +0.5 cm""^ over the entire range with a reproduci- 

-1 

bility of +0.25 cm 

The P.E. 521 spectrophotometer has been provided with a 
vide range of adjustments for scanning the spectrum of a sample - 
To obtain a well resolved spectrum of a sample, a suitable 
adjustment of the slitvidth, gain, signal- to -noise ratio and 
the scanning speed are of vital importance. A choice of proper 
combination of the above parameters was possible after enou^ 
experience vitli the machine. 

The wave number calibra,tion of the spectrophotometer was 
made by recording the infrared spectra, of HgOj end DgO 

vaoour tinder conditions identical to that of the spectrum to 
be investigated. The calibration data v^ere taien from standard 
texts (3-4). In case of liquids, Indene bands were used for 
calibration (5)* 
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2.32 Raman Sijudies 

!IIh.e Raman spectra were recorded on Cary 82 and spex 
model 1400 spectroplio tome ters (6). 

In Rigure 2.6 the "basic requirements for a conventional 
la.ser Raman spectrometer are sho?/n schematically. Inside the 
bloch Laser the six letters SHRII/iP signify the six advantages 
from laser sources; i.e. (I) Small samples (2) Hi^ directivity 
(3) Required coherence (4) Intensity (5) lfonochrom.aticity and 
("6) Polarization of the incident li.;^-it. Other blocks are self- 
explainatory . 

Pigure 2.7 illustrates the excitation train in the Cary 82 
(a.lso in Cary 83) machine. The laser li^it from argon ion laser 
passes through 5 prisms, 3 lens, a slit and a beam splitter 
before it falls onto the sample kept above the lens 1^. The 
reference phototube provides the required compensation for the 
back ground signal. 

The optical ray diagram of the spex model-1400 double 
monochromator is shown in Pig 2.8. Two square gratings (102 mm x 
102 mm) have 120 OLper mm aad are blazed at 5000 % , Hie gratings 
are driven by a sine bar arrangement which yields a spectral 
output with v.-avelength as a linear function of drive screw 
rotation. The seaming speeds may be varied between 0.12 and 
2300 2/min. The bilateral, curved slits may be used upto a 
hei^t of 50 mm? the resolution is 0,08 % at 6328 % . The 
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length counter mechanism is stated to he accurate to 

^ Q O 

1A and to he reproducible to 0.2 A 'over a 6000 A wavelength 

interval. 

Argon ion laser model 52 (Coherent Radiation laboratory) 
toned at 4880 % was used as a source of excitation vrith the 
spex-1400 monochromator. Interference filters were used to 
avoid plasma lines. The spectra were recorded hy hr. H.D.ELst 
in the laboratories of Prof .H. J. Bernstein at IhR. 0. Ottawa, 
Canada and Prof. J. C. P. Brand at IT. y.O, london, Canada* 

The calibration of Raman spectra was achieved by using 

o 

sharp lines of neon discharge in 4880-6000 A region and also 
by malcing use of the anti-stokes and Stokes components of 
observed Raman shifts. 

2.35 Ultraviolet Spectrograph 

Ultraviolet absorption spectra of pyridine U-oxide 
were photographed on 3*4 meter Jo r re 11 Ash Ebert spectrograph 
(7). The optical ray diagram of the instrument is shovm in 
Pig 2.9. The grating which was used for 15th-18th order 
has 57000 lines in it, and is driven by a sine bar arrangement 
v/hich produces a motion that is alw/ays proportional to the 
sine of 1he angle of incidence at the grating. The optimum 
sensitivity at low? concentrations is achieved because of the 
excellent line to the spectral background ratio resulting from 
the high dispersion, definition and complete isolation of the 
camera from all extraneous scattered radiation. A hi^ 
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pressure 1 50 wa.'ti; air-cooled Xenon arc lamp (isolated by a 
predisperser) was used as a source for absorption studies* 

A band of 60 to 120 A is passed throu^i the slit of 3*4 meter 
spectrograph, to avoid overlapping of the different orders from 
the grating. (Ehe spectra Vi/ere recorded by Dr H D Bist in the 
laboratory of Professor J C D Brand, Chemistry Department, 
University of Western Ontario, London, Canada* 

Ihe calibration lines in the UV spectra were provided by 
neon filled Pe-hollow cathode lamp xam at 40 milli amp current. 

2*4 Co mparator Densitometer 

Dhe S/he ro densitometer tracings of some of the Bg — 
and Afi— type bands were taken on a Grant automatic comparator 
densitometer equipped with amplifier and recorder arrangement, 
mhe procedure for Ihe densitometer tracing can be concluded 
from the block diagram shown in Big 2.10. A gear system is 
attached to the plate holder, and the portion of the spectrum 
to be traced is exposed by the source light thiou^ the slit 
S.J . She li^t enters into the photomultiplier thiou^ the 
slit S 2 and the intensity of different bands against their 
wavelengths is recorded. 
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OHiPlER III 

T m 341 » 0 nm BillD SYSIEM OE PYBlDIIffi JT-OXIIB 

ABSTRACO! 

She ultramolet absorption spectrum of pjm^idine 
U-oxide has been photographed at hi^ resohation in the 
range 295»0 - 36 5*0 nm. The ^~t 3 ^e contours haire been 
identified in the spectrum for the first time. The observa- 
tion of both iiLe A - an.d B -tj^pes of in-plane polarizations 

in the electronj.c band contours establishes conclusively that 

1 1 

the transition is tt ( B 2 A^) • 

Unambiguous evidence for 11a^ and I0b2 modes of the 
compound in ^ state has been adduced on the basis of a 
combined stady ofs (a) its electronic Bg-tj^pe of band contours 
observed for low lying hot bands of the species? (b) its 
vapour phase A-type band contours obser^jad for all the a^ modes 
in the infrared spectrum? (c) its far- and ordinary-infrared 
studies in solid phase ana sclutioiis; la) its laser-excited 
Raman stLidies in solid phase? ajid (e) its snalogj?- with reliable 
vibrational data on other iso ( valence ) -electronic molecules* 
The two types of observed electronic contours have been used 
to identify the planar and b^ modes in B 2 state also . 
Equilibrium geometry in the electronically excited state seems 
to be affected in such a manner as to (a) enhance the over aH 
ring size (b) diminish the U-O bond length and (c) favour a 
more pronounced quininoid structure. 
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The sijudy of 341 nm electronic hand system of pyridine 
IT-oxide has been extended to deduce the out-of-plane (6h^+3a2) 
modes of the molecule both in its groxmd ("'a^) and electronic- 
ally excited first singlet states. The procedure to 

extract these modes is based primarily on the identification 
and assigniient of the observed 'sequences’, ' cross’— sequences’ 
and overtones of the fundamentals in the vapour phase electronic 
absorption spectrum. Additional evidence for b^ and modes 
in A-j state is deduced on the basis of a combined study of 
(i) the vapour phase c— type band— contours observed for b^ modes 
in "the infrared spectrum, (2) the far and ordinary infrared 
studies of the solid compound and its solutions, (5) the laser 
excited Saman studies in solid phase, and (4) the analogy with 
reliable vibrational data with other iso (valence )— electronic 
molecules. The uniqueness of the assignments of the modes has 
been critically discussed. 
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3.0 . IlT;f ROpUCTIOH 

Out of tlie foiAr electronic band systems observed above 
180 niii in the el6ctron.ic spectrum of p^/ridine h-oxide (abbrevia- 
ted hereafter to PjO) (1) the lov/est energy one is Imown to 
e>liibit considerable vibrational structure ujider low resolution 
(2-3)j aJid has been extensively investigated both experimentally 
(2-6) and theoretically (7-11 )» Although, this lowest energy 
system in electronic spectrum v;as assigned to n transition 

originally (2-3)) all recent experimental and theoretical find- 
ings are indicative of its belonging to a transition (4— 1l), 

which following J^Silliken convention (12) would correspond to 
11 

(^2 ^ system in analogy vlth the substitute d-benzenes (13-1 4-) • 

•1 

Structural information concerning the ground. A^ , state 
of PyO is available on the basis of microwave (15)» infrared 
(16-20), Raman (21-22), nomal co-ordinate analysis (23-25),, 

X-ray (26), electron diffraction (27), and other studies (3,5,10) 
of the compound. However, the vibrational assignments even for 

i 

A-j state are not coherent. !I!he only -Ibrational information 

1 

regarding the excited B2 state could be obtained, from the 
stady of electronic spectra (3,5,6). ID-ie preliminary vibra- 
tional analysis attempted for the lowest observed transition 

1 1 

(referred to have as B2 A^ ) on the basis of low resolution 
studies, vlthout identifi caption of band contours (3), is 
confined to noting dom a few prominent band, intervals from the 
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0,0 (origin) baad. Consequently out of the many reported 

intervals as fundamentals (3), only 4 frequencies each in the^ 

1 1 

Eg and states are totally symmetric a^ fundamentals. On' the 
basis of high resolution studies of the 0,0 band of 341 nm system 
of PyO and computer simulation of the band contour. Brand and 
fang ( 5 ) have assigned this band contour as- 3 -type with in-plane 
polarization? perpendicular to the Cg axis passing throu^ N-atom. 
We have now succeeded in identifying the A^-type contours (with 
polarization along ihe O 2 axis passing through the h-atom and in 
the plane of ihe molecule) also in this system. Employing the 
method developed earlier for the gyrovLbronic analysis of iiie 
corresponding systems of phenol (13) end chlorobenzene (I4) we 

have also been able to obtain accurate vibrational data for most 

1 1 

of the fundamental modes in both the ^ and Eg states of the 
title compound, based primarily on the identification of the 
and B^-type contours. Eor establishing the state 

fundamentals, additional evideiice from vibrational spectra of 
the ground state has also been used. In this cha,pter planar and 
non— planar modes of PjO are discussed. 

Ihe main effort has been to establish the 30 fundamental 

11 

modes botli for the A-j and Eg states. Reliable vibrational 
assignmoits are a key to quantitative normal coordinate analysis 
which can further be used for testing the transferrability of 
force-field and coupling of substituent modes with the internal 
modes of the ring? e.g. in the present case the coupling of NO 
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Boaes 0 «ier ring modes, the ermodynamlo and o«ier 

otaervaUe properties derlred from such speotrosooplo data oouM 
provide a test for the rellamll^ of the v^hrational assrgnmen e. 

toharmonloltles In normal modes of large moleonles are 
found to he small (28) and this is clearly hrou#it out hy the 
present study. Excited state geometry Is mea^rahly different 
from the ground state in PyO and the^infcrmatlon ohtained hot 
from rotattonal ar^lysis and vlhratlonal data is correlated 

qualitatively. 

5.1 v.TPEBlMSiraAli 

yaouum suhllnation apparatus was used for initial pun- 
floation of the Eastman red label PyO, an extremely deli^uesoent 
material. Subsequently, the compound was purifred hy _f ractiona , 
distillation and stored under vacuum in a pyrex hredf-seal tube, 
compound was put in a side ^he of 1 .25 meter long cell with 

. • n ,, +n its ends with, epoxy 

2 incli diameter q.uartz window^ xxx _ 

resin. Ihe cell was evacuated to 10 ^ mm of iig wxti tie lelp 

of a metal diffusion pump assisted wrUi a fore-pump. 

^ f-r^oTv, +le side tu.he was transferred to tie 
pure and dry compound from tie . 

• h- -Kip -f-x.-,Tisferrirg teclntq.ue mder vaouum. 
main tube using suitable oransierrii-o 

n - .p iiTitn 90° G wltl 16 silug taps s, 

rph e cell was leated uniform y x , 

T. c-f-Pfl iv four 250 watt Infrabrooder lamps from 
leating being boosted by four ^ ^ ^ 

Westing House Oompany; the procedure^ avoided deposition o 
compound onto the windows while reoording the spectra, m 
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spectra were recorded photograpMcally on Spectrum Analysis films 
in the 15th-18th orders of a 3.4 meter Jarrell Ash Ehert spectro- 
graph fitted with, a 570CiO - line Harrison grating and assisted 
with a predisperser arrangement. A high-pressure I50 watt air- 
cooled zenon-arc lamp was used as a source for absorption studies. 
Calibration lines were provided by a neon filled Eg-hollow 
cathode lamp run at 40 mi Hi amp. current i Ihe films were measured 

with an Abbe comparator from Carl Zeiss Jena and the measurements 

—1 

are good to + 0,2 cm for unblended lines; the inherent line 
width and associated rotational structu2?e putting this limit. 

She microdensitometer tracings were tahen on a G-rant automatic 
comparator-densitometer with an amplifier and recorder arrangement. 

Vapour phase infrared measurements in 250 - 4OOO cm’”'^ range 
were carried out', using a Perkin Elmer-521 spectrophotometer 
fitted with a variable path 10— m cell in which the compound had 
to be heated to about 80° C bj’’ heating tapes. !Ehe infrared 
spectra of solid PyO and those of its solutions were also 
recorded on a PB 521 machine. (Ehe procedure to record laser 
excited Raman spectra using Spex I4OO double monochromator and 

Cary-82 spectrophotometer (cf. Chapter II ) and far infrared Site c- 

—1 

tra in the range ■33-525 cm- ’ using PE 180 machine have already 

been, discussed (20). All these measurements are good to + 1 

—1 

cm for sharp isolated hands. 
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^•2 SSIECglON EUIES iIi~D FOMIOMS K)R PMAR mms 01 PyO 

Recent microwave (15) and electron diffraction (27) 

• 1 

evidence supports a planar character for the state of 

““ -1 

PyO* Assuming a planar configuration for state also',' the 
30 normal modes in each of the A^ and Bg states of ‘the molecule 
divide into 11a^ + 1 Ch 2 + 33,2 + species. 3!he acti'^/ity and 
polarization characteristics of all the modes in Raman, infrared 
and electronic spectra for isolated vapour phase molecules are 
summarised in lable 3,1 for ready reference. 

Indexing the assignments in ttie electronic spectrum becomes 
easier following the standard notations explained by H.D* Bist 
et al (29). However, the correlation of modes with the substi- 
tuted benzenes is somewhat arbitrary because of differential 
mixing of different internal modes’^ 

3.21 OBSER'VEI) Bg-ANB COHIOURS 

mm 

Both the B — and A^-type contours observed in the elec— 

tronic spectrtim of vapour phase PyO are red degraded and are 

given in Pig 3.1. !Ehe 0-0 band, all the totally symmetric a^ 

fundamentals, as well as all combinations and overtones of the 

non- to tally symmetric modes giving an effective a^ vibrational 

symmetry' generate B„-type profiles (see Pig.^3.1 (a) ) " with 

two intense peaks separated by 3.2 to 4*8 cm ..with weaker 

—1 

rotational K-structure spread over about 40 ota"' (5). However,' 
three moderately strong sequences (see appendix 3.1) at -6.0', 
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•** 1 — 1 

-30.2 aE-d -33 *5 cm and one stronger one at -16.0 cm # assigned 

as 18b^, S that order, interfere very 

heavily to identify the associated K-structiire (5)» Ihe sequence 

structure has now been identified and marked on the top of the 

band using standard notations explained hY Bist et al (29). 

Brand and fang (5) have analysed rotationally - by computer 
simultation - the 0-0 band profile of this band system. Eiey 
have established tha,t the vibrationless excited state of the 
system is and the inertial constants deduced for this state 
suggest a fatter ring with significant quininoid structure* 
further,' it has been suggested that with the same set of 
inertial constants for both the and states, the A^ -type 
selection rules would generate a single main peak in the band 
profile analogous to that generated in the ^eotirum of phenol 
(13) or chlorobenzene (I4)* Ihe A^-type band contours, now 
identified in the electronic spectrum (see Big 3.1 (b)), confirm 
liieir predictions. Althou^, the overa,ll relative intensity of 
the whole A_-type sub-system is not as low as that of the cor res- 
ponding sub-system in the spectrum of phenol (I4), yet it is 
significantly smaller than the total contribution from B^ -type 
bands in the system* However, all the inplane non-totally 
symmetric ^2 vibrations for the excited "^^2 state and several 
combinations having net bg symmetry have been observed in the 
spectrum with A^ -tsrpe profiles* lig 3*1 (b) shows iiiree typical 
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ftindamentals 3 q , 9^^, and 15o in state and other structure^ 

(seo^. I and seq. II, representing I8b^ and 1l!| seqiiences, respect- 
ively) associated wi'Si 3p, end 1 5 q hands along with wo more 
identified transitions 6aQ 6hp and 14 q inferred from 

ttie analysis ihat ttie A^-type contours are due to * forbidden’ 
subsystem. Olhe positions of all identified bands involving planar 
modes s^long with -Sieir qualitatii^e intensities are given in 
Appendix 3 • 1 • 

3*22 \IEBROhIG MALYSIS 

All the measurements utilized to calculate the vibra- 
ti.onal frequencies from electronic spectrum refer to the higher 
frequency stronger peak of the double headed bands and to the main 
peak of the single peahed bands. 

3 . 23 Ilg! SHIFT OB 0-0 BAMB 

The 0-0 band (designated hereafter as T^) is the most 

-1 

intense B^-type band with its stronger peal-c at 29299*7 cm in 
the absorption spectrum of PyO vapour at 90° 0. Reliable data are 
also known fors (i) the gyrovibronic origin, T^^, for the gas 
phase (5), and (ii) the corresponding positions of the 0-0 band 
of tiie -bltle compound at 4.2°K in (a) the par ad ichloro benzene 
matrix, and (b) the neat solid (6). These values are summarized 
in Table 3.2. Phe significance of the blue shift ( AT^) in the 
matrix spectrum with respect to,_the gas phase spectrum and/or 
the analogous shift of 700.4 cm"“'^ betv^een the neat solid and the 
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matrix diluted P3K) can not be understood with iiie meagre 
vibrational data for the gro\md and the excited states in the 
solid phase (6). However, the blue shift of the 0—0 band by 

123 cm”"^ at 4.2°E in PyO with respect to its deuterated analogue 

—1 

(see Pable 3.2) is in line with the shift of 171.5 cm between 
phenol -hg and phenol ~d^ species (13 )• 

3;' 24 IHB MDIES 111 

IlhB a^ modes deduced on the basis of a combined ana- 
lysis of j (i) the high resolution electronic spectrum, (ii) the 
infrared band contciurs and (iii) the laser excitedJRaman spectrum 
of PyO are discussed below under separate headings. 

(i) !Ehe High Resolution Electronic Spectrum 

2he a^ modes in stats for vapour phase are given in 
column 2 of Pable^ 3.3, the first column giving their approximate 
description as explained earlier (29). Phe first figure in 
column 2 for each of the modes is deduced by calculating the 
separations of the higher frequency peah-^of the moderately strong 
leading .^type 'hot’ bands below I65O cm irom the band peaic 
at 29299.7 om'“'^ . Phe leading bands are chaxacterized by an 
associated sequeiice structure, which is similar to that of the 
band. OHie numbers in parentheses in the second column are the 
mean values of the modes deduced from the sequence structure by 
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a meiiiod explained earlier (29) and summarized in Tails 3 » 4 (a)"^» 

Tiie last figure in column 2 is deduced from the vapour phase 
infrared spectrum (see Section 3*24 (ii)> helow). Additional 
evidence for a,^ modes in "^A-j state adduced from the electronic 
emission data. ( 6 ) and Eaman and infrared studies of solid samples 
is summarized in columns 3j 4 and 5j respectively, of the Table. 

It may be remarked that out of the 10 bands assigned as fundamentals 
by Hochstrasser et al ( 6 ) on the basis of emission da,ta at 4*2 Kj 
four bands belong to the species involving the M bond in 
some manner or other (See column 3 of Table 3*3) j and 4 to the 
l}^ species (see Column 3 of Table 3*6.) while two bands at 1553 
(543 + 1013) and 1674 (637 + IO 45 ) may be combination bands. 

(ii) The Infrared Band Contours 

'The replotted infrared band profiles below 16 50 cm f 

except for few ^type bands to be discussed in Section 3.3 are given 

in Tig 3 . 2(a). for most of the bands the contour is quite distinct 

and tlie positions of P, Q and R peaks (written at the top of each 

peak) are giv?cn in the figure 5 and thus the observed PE separations, 

Avpg^ , can be obtained directly. Pew composite bands have been 

"^Tor pyii-dine F-oxide larger devia-tions for the combination differ- 
ences are expected and hence accommodated in the tables. The 
separations between the two peaks of tlio Bg-type bands have been 
noted experimentally to vary between 4*8 and 3.2 cm"'. Thus, 
a variation as large as 1 .6 cm"”^ between the two peaks suggests 
a large change in the gyrovibronic origins of different bands 
due to Coriolis and other interactions | naturally leading to 
the observed combination differences. 
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resolved and profiles have been isolated by dotted curves. In 
A - and 0- type bands (30-31) the Q branch contributing has also 
been shov/n qualitatively by dotted lines. Ihe ratio 
(viiere Iq is the intensity of the Q branch and Ig^otal 
intensity of tli© complete band profile) ha.s been measured for 
all A - and ^type bands, by a procedure explained in Refs. (30,31 )? 
and the va,lues are given along ?>?itl:i each contour in Pig 3*2. 

The computed PR separations for A—, B-* and _C— type bands ^d 
the ratio iQApo-fcai A-type bands along with other relevant 

parameters explained ii:i Ref. (31 ) are summarized in fable 3.5» for 
tbe sake of completeness. ISiese computed values of Avpjj^ and 
I_/lp, j. are especially helpful in isolating the overlapping 
contotrs by graphical resolution technique (31). It is interest- 
ing to note that thou^i there is expected, sicrepancy of about 
+ 12 percent between the computed and observed valties of iQ/i^otal 
ratio, almost all of the obsem/ed AVpp^ values agree exactly 
with the comruted AVt^tj separations, fhe A— type IR band contours 
are the primary source formas containing the totally symmetric 
fundamentals above IO46 cm % especially so in the OH stretching regioi] 
(Cf Rig 3 . 2 b) .fie Q pealc positions of fundamental IR^ bands summarised 
in the second column (last figure) of fable 3.3,' exhibited an 
excellent agreement wi'iii the fret^encics of various a.^ modes 
deduced from eloctronic spectrum. 
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The re are four oiiier bands in Fig 3»2S}Wliicli are not 
included in fable 3.3* One of tbeta is the C-type band with Q- 
peah at 508 . 5 . (32) and the oiher bands at 993.0, 106 5.0 
and 1081.5 can be explained as oombinations (ll)j(lOb)^, 

(Il)-}(l0a)^ and (6a) 2 ? that order* 

(iii) fhe Laser - Excited Raman Spectrum 

lEho internal mode region of the laser excited Raman 
spectrum is given in Rig 3*3 from which the peak frequencies are 
summarised in the fourth column of fable 3*3 for _a^ modes, in 
the fourth column of fable 3*6 for b^ modes and in fable 3*7 
for the rest of the bands, fhe ring breathing mode 1 and 
symmetric GH stretching mode 2 appear as the most intense bands 
and other totally symmetric bands characterized by low depolariza- 
tion ratio ( 33 ) have moderate intensity, fhe b 2 modes which also 
appear with moderate intensity have high value of depolaocization 
ratio'. It is interesting to note that b^, fundamentals do not 
show up markedly in tlie Raman spectrun. 

fhere is a good agreement oetvoen IR vapour and Raman solid 
frequencies except for X— sensitive mode 7a which is weak and 
broad in the Raman spectrum. Most of the isolated Raman bands 
have lorentzisn shapes; th@ asymmetry is found only in overlapped 
bands v/hich could be resolved into lorentzian components. Raman 
data have been of special use in ascertaining the GH stretching 
frequencies where the bands are overlapped in the vapour 
IR spaotrum.' 
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3.25 MDDES IN STA® 

All the excited state totally symmetric ^ fundamenlal 
modes produce the typical E — type contours associa,ted with 
sequence structure similar to that with band. Ihe freq.uenoy 
of each of these modes is deduced by subtracting the position 
from the stronger peak of the identified leading B^-type 1-0 
band; all "Sie frequencies thus obtained are the first figures in 
colu m n 6 of lable 3.3. Ihe mean values of different modes"' 
deduced from sequence structure and summarized in fable 3»4(b)' 
are also given in parentheses in the 6th columns of fabda 3*3* 
fh e sequences and cross- sequences connecting fundamental 
modes are shown in Pig 3.4 (a) • fhe a^ modes in the "^Bg state 
are corroborated by the overtones and combination bands (given in 
Appendix 5*1)'' lying towards -Sie hi^er frequency side of the 

position. Out of the ei^t bands observed in $2 state in "^e 

o 

absorption spectrum of PyO in p-di chlorobenzene matrix at 4*2 K 
(6) five are definitely attributable to the ^ modes as summarized 
in the 7th column of fable 3.3, and two to the b 2 modes (see, 
column 7 of fable 3.6). fhe baud at +1513 cm" seems to be a 
combination transition 18aQ (harmonic value + 1522 cm ), 
aitbnngb it could belong to CO stretching mode 8a in the excited 
state. 
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3o26 bg mms IN AND STAINS 

-! 

Tbs bg modes in the Bg state ace observed as i^ie 
A^~type profiles, associated wiih A.-type sequence structure* 

«M«0 

The frequencies for "Siese loodes in the state, deduced from 
the separations of the leading Ag-type band peaks from the 
stronger realc of the T^ band, are summarized in sixth column 
of Table 3*6; the values in tlie paxeniheses being the mean 
derived from sequence structure explained in Table 3*4 (g)* 

The sequences cross~sequences connecting bg fundamental modes 
are shown in Tig 3.4(h). 02ie observed combinations and overtones 
of the bands have been given in Appendix 3 .I* The ^-type hot 
bands have not been observed and hence the gjcound state ^2 funda- 
mentals have been doducea with the help of observed sequences and 
cro ss-seqiiences connecting the ground and excitod state bg fundar- 

neiitals. The lowest bg fundamental mode 18b in state has been 

1 * ' 

fixed from the observed sequence., 18b^ (at —6.0 cm ) leading to 
idle fundamental 18b^ at 469*3 cm ^ Tliich._is in excellent agreement 
with the Eaman depolarized hand at 470 cm . Other ground state 
bg fundamentals of ?y0, established on the basis of sequences 
and cro ss- sequences explained in Table 3.4(d), are given in 
parentheses in column 2 of Table 3.6. The assignment of most 
of the bg fundamentals in tie ^A^ -state is supported by the 
depolarized Eaman hands (33) aid infrared bands of solid PyO 
given respectively in columns 4 aid 5 of Table 3.6. 
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3 . 27 DIFltBHBEOSS WLTE JgTAlQGOUS IDDBS 0? PHEITOL Jgn) QIIOROBBlZEaE 

In Ij-gs 3*5 (a) and 3*5 ("b) wg illns’fcna'fcGd "tliG 

and bg vibrations, respoctivoly, of PyO and two other iso (valence)- 
eloctronic aromatic molecnlfSs phenol v.29) and chlorobenzene (I4)j 
both in their and states. The best values for the 

vibrational frequencies are written at the center for each of the 
molecules and are distributed to scale in the figure, except for 

suitable breaks in the ordinates, ‘whenever necessary. Hie gyro— 
vibronic origin (Iqq) transition is also given in 

the figures for all the three molecules. Ih.o levels depicting 
analogous nndes have been joined by^ottod lines for the three 
compounds, tiiou^ the analogy between different modes cannot 
be taken too rigorously. Hie a^ modes in boih the ground and 
ttie excited states of PyO show a general enhancement in their 
magni'jUdes Vi’S! respect to the corresponding modes of phenol and 
chlorobcnsono in bo'bh the and ”^^2 ^'^ntes^ except for the mode 

19a which is lov/or ror PjD in >X)tli the states. Hiis change may 
be duo to the Oil stretching contrrbutions in the mode 19_a. In 
phe’nol and chlorobenzene, the mode 19a corresponds to the CO 
stretching in the phenyl icing. Two of the bg fundamental modes 
18b and 6b in PyO are higher for both the ground and the excited 
states with respect to their counterparts in phenol and chloroben- 
zene. The modes 15, 9b, and 8b have similar values for all the 



87 


i 

three molecules in tlieir ^ states; but in the excited state 
obviously dtie to the intermixing of various modes, they do not 
show a regular pattern, inother bg mode 14- in PyO is lower in 
tlie ground state and hi^er in the excited state as compared to 
the corresponding mode of phenol or chlorobenzene. [Dae other 
remaining bg fundamental modes 19b, 7b and 20b of PyO are lower 
in bo ih the states. Olhese small changes in frequencies of ^2 
modes can be explained as due to the presence of ID bond in PyO. 

3,28 ISWSIK_DISmHmOH.AKP_m2CmAl.mOGBBSSIO^ 

The intensities are given in Appendix 3^1 in a quantitative 
manner for all the bands observed in electronic absorption spectrum 
Amongst the totally symmetric a^ fundamentals, the modes 6a and 12 
are strongly coupled in both the ground and the excited states. The 
ring breathing mode 1 is medium strong (obviously due to low 
Boltzmann factor) in the ^A^-state and very strong in B^-state. 

[Ehe other prominent modes are 18a, 7a and 19a in the electronic 
absorption. Tlie transitions 150, 9bQ, 3 q and 14 q coupling the b^ 

modes appear mth moderate intcnsitj^ and others are weaher. 

•1 

The principal progressions in the B^— state are formed by^ 
the modes 6a, 12 and 18a mth 2, 4 and 3 members, respectively'. 

In addition each of the modes 9a, 7a, 8_a, 6b, 15 and 9b appear 
with two members. In these progressions' ihe 1~0 bsid is_weaker 
than 0-0 band and intensity goes on decreasing with hi^er 
members of each mode. Prom the fundamental and first overinnes 
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of these haMs, the eqirilihrium frequency Wg sxi^ tlioanliarmonici i.y 

w X have heen calcLilated (28) and s^itrEiGrized in fahle 3.8. 

0 0 

Prom the ahovo analysis wc conclude that there is (a) a 
generalized increase in overall ring size (mode 1) (h) a decrease 
in ^ distance (mode 7a) and (c)' an increase in ring quininoid 
structure (mode 8a) in the state compared to the '^A-, state. 

5.3 sBiBooiioh HJiEs Ahh aPTAHOis, 

Out of the 30 normal modes of Pyridine h-oxide Ha^ 

and 1012 fundamental modes giving Bg- and A^-type convours 
respectively in the resolution electronic spectrum could 

easily he identified and assigned (34). However, non-plaiar 
vibrations are forbidden in the electronic spectrum, and do nob 
appear as 1~0 or 0-1 transitions in the spectr-om, since 1he 
selection rules for these are given 

AVg- = 0,2, 

Pile assignment of non-plsnar modes is based on the identi- 
fication of sequence bands, which are mostly strong and fall 
below 1200 cm"*^. Standard notations have been used for indexing 

the assignments. 

5.31 PTEintPOhlO SEQHBhCES MD Q^_SS,j Eg^h^S 

Sequences and cross-sequences connecting b^ and 8-2 
fundamental modes are shown in_Pigures 3.6(a) and 3.6 (b). Ihe 
numbers shovm in the middle portion of each figure denote the 
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approximate intensity of the transitions witli respect to ^arbi- 
trarily Clio sen intensity of tlie origin (O-O) band as 100. As . 
1—0 and 0—1 transitions do not appear in tne electronic spectram 
for tae non— planar b^ and modes, the assignments to these 
modes have been made from the observed ^Vj_ = 0 and 2 transitions* 
Ihe combination differences between the pairs of levels having_ 
the same symmetry species have been computed from the observed 
sequences cross-sequences shown in fables 3*9 (a) , to 3*9 (d). 

3*32 b^ IDDES lU "“a^ AND '’Sg SfA'iBS 

For the b. modes the 1-0 and 0-1 transitions are not 
observed in the electronic spectrum. Both the ground C A^ ) and 
the excited state b^ fundamentals deduced with the help of 

connecting sequences and cross— sequences are summarised in columns 
2 and 5 (in parentheses) of fable 3*10. The observed combina.tions 
and overtones of the bands have been ^ven in Appendix 3*1* 

The assignment of the mode 16b in Isg is supported by its 
overtone 2—0 transition I6b^ = 723*6 cm giving the fundamental 
161^ 361 .8 cm"'^ . Starting with ihis level as base value 

frequencies of each of the fundamoitals have been thus calculated 
by adding or subtracting the combination differences from itie base 
frequency (see Table 3 •9(a)). 
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The ground state fundacentals are also deduced from the 
same set of levels by m^ing suitable combination differences as 
^OTOi in Table 3*9(b). Pew identified overtone bands (e.g. tSbg 
at --1019»0 cm“'^ giving harmonic 16b°, at ~509*5) and the observed 
C-type infrared bands v/ith strong Q beats centered near the 
frequency deduced from sequence structure are a good testtmony 
for the correct identification of electronic transitions* 


(i) C~type Infrared Bands 

The replotted prominent C-type bands of vapour phase 
infrared spectrum of PyO are given in Pig 3*7* Out of three 0— type 
bands, the contour is q.uite distinct for the two, and the positions 
of P', Q and R peaks (written at the top of each peak) are directly 
available in the spectrum. These distinct bands having the 
characteristic shapes are located v/ith (Speaks at 671*0, and ^ 

758*5 om”'^. However, another C~type band with Q-peak at 508.5 om 
has been isolated using the graphical resolution technique (30), 


shown qualita,tivel 3 :' 'bj 

sity (■^ ) for O-tj’p 

^ Total 

the top of eanh contour 


dotted lines. Tlio relative Q-branch inten- 
e bands has been calculated and given at 
except for the band with Q-peak at 671*0. 


The intensities were measured by follov/ing procedure discussed 


xii Eefs*(30;-31). 

The computed PR separations and the intensity ratio iQ/^Uo-taX 
for A- type bands is given in Table 3*5* There is a satisfactory 
agreement between the observed and calculated values of PR 
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been obtained with the help of the observed sequence and overtone 
bands, following the method discussed in the earlier section for 
b^ modes. She frequencies thus obtained are summarised in columns 
2 and 4 of fable 3.11 for the and states respectively. 

th e observed combinations and overtones of the a2 modes for PyO 
are gi'ven in the APpsndix 3.1 along ^vlth those for other fundamontai 
modes. 

fo fix the mode 16a in state, use has been made of the 
observed overtone transition 16a2 = —830.9, giving 16a^ = 41 5 •4 om • 
[Ehis assignment is well supported by a solid phase for infrared 
band at 415.0 cm*"'^ shorn in Pig 3'«8-. Hie 1-0 transition of the 
mode 16a could now be._easily deduced by using the sequence transi- 
tion 16a^ = -251.2 cm"'^ giving 16aJ = +164.2 cm”^. This transition 
is well supported by the overtone transition lOa^ = +330.2. !The 
other a2 fundamentals are deduced in the similar method as shown 
in Table 3.9 (c) and 3.9 (d). Ito and Ihzushima (3) have assigned 
some of the prominent bands in the A-] state, e.g. the bands at 
-251.2 and -275.0 cm*’'^ as the 0-1 transitions of the b^ fundamentals 
which are not consistent with the present study ^ The intense bands 
at -251.2 and -275.0 cm”* are undoubtedly the 1-1 transitions of 
the a2 modes 16a and 17a respectively, connecting the ground and 
excited state fundamentals. 

3.34 PIPPBEEHGBS WITE AHAIOGOIJS RDIES OP PHEIQ L . Ailh CEIOEOEShZEIjg 
PLgures 3.9 (a) and 3.9 (b) show the b^ and 8-2 funda- 
mental modes of PyO and two other iso (valence ) -electronic aromatic 
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1 

molBcules plienol (13) aufi clilorotenzene (35) "boiii in iiieir 
and states. iHie viDrational frequencies are written at the 

'—c. 

center for each of the laolecules and are distrihuted to scale in 
the figure, exceiot for suitable brealts in the ordinates, whenever 
necessary. The gyrovibronic origin for Bg ^ traisition 
is also given in the figures for all the three molecules. The 
levels depicting analogous modes have been joined by dotted lines 
for the three compounds, thou^ the analogy between different modes 
can not be taken too rigorously. All the b^ and f^ndamenbal 
modes of PyO both in and ^ 2 . almost sinhlar with 

respect to the corresponding modes of phenol, except the b-j 
modes 10b, 17b and 5 which are higher in Bg state. General 
enliancement of the modes has been found for all the b^ fundamentals 
for PyO in "^^2 respect to those for chlorobenzene, 

’Where as a good agreement between the 3,2 fundamental modes of PyO 
and chlorobenzene has been found both in the ground and the excited 
states. 

As oxnlainod in a recently communicated paper (32) for planar 

1 

modes the changes of some of tlie b-j fundamental modes in Bg may 
also bo due to tiie presence of KO bond in PyO. The modes 10b and 
17 b have the Oh torsion and NO out of piano bending contribution 
respectively and hence enhancement of the frequencies has been 
observed. The change of the mode 5 (which corresponds to y'qjj) is 
due to the increase in ring quininoid structure. 
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3*4 SPECTRA OF N-0XIIE‘ IN SOLUTIOIS 

Wie infrared spectrum of PyO and its metal complexes 

-1 

were reported earlier (16',' 18, 36) in tiie range 250—2000 cm » 
th e frequencies aljove 2000 cm”""^ are not avai.la'ble in the literature 
except few in CH stretching region. 

In the present s'bady of the hi^ resolution infrared spectra 

of P5/O in vapour and solid phases, x^'/e have been able to resolve 

“1 

the complex structure of the bands in the region 250—16 50 cm 
anri is discussed in sections 3*24 & 3*32. lo record the weak bands 
of Py0,0.05 mm ando.1 nim thick CsEc liquid cells were used and the 
infrared spectrum of free ligand of PyO in CS2 siad 001^ solutions 
at different concentrations were recorded* Some of the bands of 
free PyO (in solutions) are strong but v/eaker in vapour and solid 
phases. Ihe frequencies thus obtained have been listed in columns 
4 and 5 of fable 3.12 silong with those for vapour and solid phases 
of PyO. fhe relative intensity of each band has been shown in 
different columns of the fable, fhe frequencies of the fundamental 
modes of P3f) observed in vapour, solutions and solid phases (at 
different tompe natures) and their observed combinations have been 
critically discussed and a suitable assignment is suggested. 

3*5 IhfEHSIfiBS OP IHPBAREP BAUDS 

fhe infrared spectra of PyO in vapour, solid (at room 
temperature and INf) and in solutions are shown in ligs 3*2, 

3.10 and 3*11, ' respectively, fhe positions of the bands and 
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HielT intensities witli approximate descripHon lias been given in 
Table 3.12. Tiie following points have been observed: 

The vibrations belonging to a-j class share most 
of the intensity in the infrared absorption 
spectra except the mode 18_a which ivS we ah xn solid 
phase but medium intense in vapour phase and solu- 
tions. The ring breathing mode 1 and CO stretch- 
ing mode 19a invariably appesn mtli maxi mum 
intensity in all ihe three phases. 

The intensity of ihe bands belonging to b^ class 
is similar to that for a-j class. All the modes 
are strong in ihe infrared spectra except 17b and 
5 which are weak in solid and vapour^ ph^es but 
are relatively stronger in solutions. The CH out- 
of— plane bending mode 10b of the compound is very 
strong in all the phases. 

The b^ fundamental modes have not been observed 
in the vapour phase infrared spectra. But modes 
progressively gain intensity on going from solid 
phase to solutions. The mode 14 has not been 
observed in the infrared spectra. _ The assignments 
to this mode was made on the basis of Eaman and 
vapour phase electronic spectra discussed in 



Sections 3.34 and 3 •26, !Hie mode 18b is strong in the infrared 
spectra in all the phases. Ivbdes 6h, 15> 19h and 8h are weah in 
solid phase hut medium intense in ccl^ aaid cOg solutions. Ihe 
OH in~plane ponding mode 3 is missing in solid phase hut in 
solutions this mode has appeared with medium strong intensii^r. 
libst of hg modes which have geinod intensiV arc bending ones or 
those associated with the ring. 

mh o intensity of GH stroching vdhrrtions is maximum in 
vapour phase and decreases considorahly on going to solutions and 
solid phase except for iho modo 20h which is missing in vapour and 
solid phases',' hut has appeared v;ith strong intensity in solutions, 
fhe a 2 class vibrations wore not observed in the vapour phase 
infnarod spectra as tlioy arc forbidden by symmetry soloction 
rules. Hov;evor the lo?;ost a .2 mode I6a ho,s appeared as a. wc-ak 
band in the solid phase for infrared spectrum of Py0.(20), 

Tho fundamental modes of PyO do not show much difforonco 
in frequencies in different pha,sos of infrared spectra. Phe 
ring breathing mode 1 of a^ species is almost similar in all 
tho phases. The diffcronccs in other modes arc within expo ri~ 
mcnta.1 limitations except tho x-scnsitivc a-j fvndamcntal mode 7a. 
However, tho x— sftnsitLvc modes show up relatively larger differ- 
ences on going from vapour to solid phase of PyO and aPso in 
solutions. Ihc largest difference in freqx-ioncie s of modo 7a may 



"be rogpxdGd o.b exising from "bliG docroaso of Ji = 0 double bond 
cliare.ctcr wMcli nx,y be duo to H-O dipolo a.s so elation (36). 

IhG aoclo 7a is very strong in all tlac pliasos end lias saallost 
value in solid phase and meod-nan in vapour. In solutions the 
ob served value of this node i s intoririocliato . 

Knowing the- conplcs structure of bands in the region 
250-16 50 ceT , obsorvod in vapour phase ±R spectra we have 
csplainod all the binary combinations over the- total range 250- 
4000 ceT*"' . It has boon found that the out of plane f undam ontal 
vibrations of b^ and ag symmetry am totally symnotric 
fundamentals form most of the combinations that have boon 
observed. Ihc non totally symmotric bg fundamontols have shown 
a few combina-tion bands. Iho most intonso binary conbinalion ha®- 
boon observed in the infrared spectra of PyO in solutions with the 
combination of b^ and &2 fundan ental modes (I7b + 10a) at 17l6cn 
(CCl^ soln. ) . The x-sensitivo fimdamental modes of the compound 
imder discussion form most of the combination bands listed in 
table 3.12. Iho intensities of the- binary combinations in diff- 
erent phases in general have been found to bo be-l:.w 20 /o of , the 
strongest band in the spectra. As the intensity of the combi- 
nation bends is a complex function of mechanical and electrical 
ahharmorJ-citics, it is not possible to give an ab-initio 
explanation of the observed intensities. 
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3-6 low SSMISlRAglRE SOIUDIES 

No clato. on lo\? tenpornturo studios of PyO conpound are 
avcilaNlc in literature . IMs is primarily TDOcaiise the compound PyO 
is extroneljr deliquescent, and has Tcry lew vapour pressure, 
vdiidi niakes difficult of the deposition of its vapour onto the 
cold finger cf low tonporc.t’aro coll . Wo have be on able to 
nahe a water free micro crjrst all ino film of the conpound on the 
cesium bromide windows rofter ovamation of the cell for a long 
time . 

In the infrared spectia of micro crystallino film of PyO 
at INI certain new bands have boon observe’! (cf in Pig 3* 10b) 
over tones and ha,vo boon assigned as the fundamentals overtones 
combination bands. Iho -vibra^tional modes of PyO belonging to 
b 2 species could not bo observed in the vapour phase IE spectra 
and some of then (e g node _3) ore missing in solid pha,so spectra 
also, a.t room tompcro.ture. But a,t liqui^-^ nitrogen temperature 
all the b 2 modes of PyO have appeaned (cf fable 3.12) in the ■ 

solid phase infrared spectra. Iho b 2 mode 19b is very weah 
at INI and ha,s been shovm with asterisk. Ihe a^ node 18a has 
not been observed at liquid nitrogen temperature several overtones 
and combination bands of low lying -fundamental modes e.g* 

( 6 a}-| (ll)-j, ( 6 a )2 (6b)-j(l8b)^ have been observed at liquid 

nitrogen temperature, but absent in solid ’phase IE spectra at 
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rooiii ■feGEiporatui’G • Howcvor, "tliE'sc tioclcs oi PyO lia,vc a-ppcaxcd 
in CGl^ and GSg solutions . 

In PyO noloculo tho solid phase splittings do occur in a 
fe¥; fundancntal Adhrationa,! honcSs as shc'na in Pahlo 3»'12« Iho 
possibility of the site group splitting of the infrared bands 
r.iay be ruled out, because ihere ra?G no degenerate nodes of 
vibrc.tion in P3?0« Bat tho fa,ctor group splitting nay occiir 
duo to resonance intera,ction bet'/^eon ineguiva.lent nolocule 
in tho unit cell. It may always bo snail in nagnitudo and 
depends on nunbor of nolectiles per unit coll. She crystal 
structure of the compound PyO ha.s recently been investigated 
(26). It belongs to the space group in the orthorhombic 
class and ha.s 8 mclecixles per unit coll. GIhe site symmetry 
of the moleciilc is C 2 »; 

Iibst of the totally symmetric _a^ nodes show shift in their 
band posi'bions tow.ard.s hi^ frequency side on going from room 
temper a, turo to ETI. However, the modes 12 and 1 do not shox/ 
any shift in -ftieir band positions. Hac fundamentals 9a and 8a 
get splitted in t?ro bands. Ihe b 2 modes 3 end 8b have resulted 
due to, this splitting at MI!. 

Ihe b 2 modes (cf Table 3»12) do not show la,rger shifts 
in frequencies. Hovi/ever, the lowest b 2 fund amenta,! mode 18 _d 
gets splitted into tv;o at HIT. The band positions of these 
spli'fc "feliigs ond 4T0*0 cm wliicli iLcivo Idggh o,ssigiiGd 
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to (I8b)^ and ( 11)2 respectively. The rcodes have shomi, in 
geiieralj shift in their band positions tor;ards hi^i freqiBiicy side. 
The rn.axini'u.iTi sliift has been observed in the X— >sensitive b^ iXinda*” 
EBntsa mode 16b. 'Tae b^ s^ent al mode lOb gets splitted in 

t¥/o bands. 'Tie band a,t 783 cm observed at loIT has been assigned 
as the combination of _a-j and b^ fundamental modes (6_a + 11 )• 31ie 
CH stretching frequencies do not show any remarkable shifts at 
MT. From iiie aboi^ spectral behavior of the compound PyO at IITT 
we conclude ill at the widiii of the bands and some of the observed 
frequencies of the fundamental mdes are temperature dependent. 

The temperature dependence of these frequencies of fundamental 
modes is largely due to Pseudo-harmonicity (37)* The generaJ. 
shift of the frequencies is towards hi^er frequencies on cooling. 
Because of the superimposition of the fundamentals, overtone or 
combination bands having approximately the same frequency the 
bands show larger band width at room temperature . These bands 
get splitted on cooling. 

3.7 lATTIOEi 1033BS OP PYPJPIME II-OXEIB . . 

Tie replotted (35-170 cm”"^ ) and retraced (200-525 cm”'^ ) 
portions of ttie far infrared spectrum is given in Pig 3.8. Prom 
the spectrum the frec[ueney v of the band peaks and their quali- 
tative relative intensities are given in Column. 1 of Table 3.13(a). 
The Saman data of solid PyO are given in column 2 of the Table. 

Por the liquid phase the IE and Eaman data are from earlier work 
( 17 ). The vapour phase data have also been given in columns 
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5 and 6 of Talole 3 *1 3(a) for comparison. I^ie tliree lattice modes 

deduced from a lorenzian analysis. of flie replotted Far infrared 

*1 

contour in tlxe range 35 to 170 cm are s-lso given (cf Tails 3.13(a) )• 

~1 

The intense bands at 513? 466, and 415 cm given in far 
infrared have alrea,dy been exiplained (20) in earlier sections, and 
unambiguotis assignments of these freqtiencies are given in column 
7 of Table 3.13 (a). The tliree observed bands in the lattice mode 
region are too few and broad to arrive at unambigous assignments, 
espectially a-s the solid is known to have eight molecules per unit 
cell ( 26 ), and in all 24 librational and 21 translational optical 
phonons for the space group would be expected (22). However', 
on comparison with the laser excited Eaman spectra of diazines (38), 
and PyO (22)^ in the lattice.. mode regions, the hipest of the tliree 
observed modes at 112, 86 cm'" could be attributed to a. librational 
( 1 ) mode and tlie lo\7est at 56 cm” to a translational mode (t) 
mode. 

Hie lattico Puaman spectrum reported csrlior (22) has been 
resolved again and shown in Tig 3.12, taking tbo exciting line to 
be very into ns c. The positions of stokes and antis in kos Haman 
bonds of solid pyridine ll-oxido has been given in Table 3.13(b). 

The peak positions are the same as reported earlier (22), but 
the intensities of all the bands is different. 

3.8 IDlEGlJLiH &E0!3BTRY 

,1 ' ' ' ' 

The PyO molecule is planar in its ground ( A.j) state 
as suggested by (i) its definite A~ and G- type vapour phase 
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infrexGd band contoiirs (ii) iiie B -type envelopes of the ’hot* 
bands observed in the electronic spectrum (iii) Raman polariza- 
tion data ( 33 ) and (iv) the smallness of inertial defect observed 
from the miCTowave studies (15)» Assuming a planar ring with the 
bond lengths and bond angles described by Gliiang (27) we have 
illustrated in Rig 3 *13 the most probable and simplest conceivable 
geometry of PyO in its ground state a^s computed on IBM 7044 
computer. The computed parameters are corresponding to the best 
fit of the observed rotational constants (15) shown in Tabic 3*5» 

?fo have also mentioned the coordinates of all the atoms in the 
centre of mass system for better understanding. In Pig 3.13f Z— a^is 
has been shorn as the symmetry axis, ?diich passes throu^ the H,' 

G, IT and 0 atoms. The Y coordinates on this axis have also been 
shown at the 4 tli decimal points, which indicate some infinitsmal 
bend of the symmetry axis, and hence the proposed molecular geo- 
metry needs some minor modifications. 

3.81 THEOBI II GAl CALGHLAriOh OP PUITDAmBUTAB MDBBS 

The fand ament al modes of Pyridine IT-oxide have been 
computed by normal coordinate calculations using Wilson’s G— P 
matrix cethod (39, 40). 'These calculations have been performed 
on IBM 7044 using the programme used earlier by Sohachtschneider 
et al ( 41 ). The Programme is set up in internal displacement 
Coordinate and is similar to that adopted by 0-\?erend and Scherer 
( 42 ). The programme is designed to determine the cartesian 
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coordinates and to evaluate G and Z matrices. Hie assumed 
geometry and the definition of the internal coordinates of I3/O 
axe given in lahles 3.14 and 3.15. Hie normal modes of -vibra- 
tion, the I.- column vectors, -the PED among the diagonal- elem-nts 
of P matrix, the mean square amplitude of the individaal a-toms 
for each mode and mean aPiplitude for atoms_ summed over all 
normal modes are obtained as ou-tput in 0 , ■-•abuldted form. A 
simplified UBPP comprising of force constants transferred from 
benzene (43) and chlorobenzene (44) is set up. Pumng calcula- 
tions, minor and systematic alternations in stretching, bending 
wagging and torsional force constants given in Table 3.16, ha-ve 
been made in order to fit to observed frequencies of Pyridine 
U— oxide . The observed and computed vibrational frequencies 
are listed in Table 3*17* 


3.9 G CNQLUSIOH 

(i) ha iure of Trail si.tio|| 

The 341 11m band system han bv-on unambigiously attributed 
to ”^1-5) transition by iden-uifiilng the A^-type band 

contours snd fundamentals in the excited state. This is in 
conformity mth the recent calculations of le-ibovici and Streith 
(11) and predictions of Brand and Tang (5) who suggested that 
phenol- dike single main peak in Agtjrpe contours would be generated 
as a result of changes in the inertial constants and thereby 
simulating the B^-t^TQ 'band contour identical to Hie observed 
0,0 (origin) band. . 



104 


(ii) Geo me -try Cliarige in the Excited State 

Eiie roiis-iiloiial analysis of "ulie 0—0 band of flie sysieni 

by Brand and ‘Tang ( 5) and the present vibronic analysis suggest a 

1 1 

small but observable geometry change on going from A-j to state. 

Bxact geometric parameters cannot be calculated in the excited state 
by the limited data in hand bat qualitatively it is inferred that 

(a) the overall ring size is increased in the excited state (mode 

i i "1 "1 

1 goes frora 1013 cm"’^ in state to 978 cm"* in state), 

(h) H=0 bond length is decroased in the excited state {mdo 7a is 

incroasod from 1303 to 1323 cm~^ ) . One can, thorefore, estimate 

the shortening of N=0 bond by applying Badgers ru.le Clarks rule, 


etc. (c) A more pronounced triangular distortion in tho ring 
(mode 1_2 is decroased from 842 cm in A^ sta,te to 818 cm in 
"^B^ state) given as follows (of Fig 1»l)* 


0 

0 

0 

} 

1 



yv 



i 

(1) 

(7a) 

(12) 


( iii ) yp.pQ ur-So li d Change s 

It soeras that there is a very lesrge change ooiii in 
gooniotry and olectronic charge distribution on going from the 
vapour to tho solid phase oven at room temperature. The evidence 
available from electron diffraction (27) and X-ray studies (26) 
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clearly brings ont tliab ¥=0 bond -changes from 1«29 A fo 1#a5 A 
o 

(1.35 ejid 1.37 1 ill tlio too inc'^ivaiont moleculos of PyO in 
crystallino solid). Corapoxing corrosponding cliangos in phenol 
vliGro /\T^p = 1 .379 A and 2 :* =1 .3-0 A and *nQQ=0.08 A it is seen 


tlia.t 


^i-oiigG of 1 %-p in PyC* equivalent to 0.06 A is fairly large 


‘This change in cioctren structure both in the ground and excited 
sij'^ies is a,lso oxiii cited by^ tiie large change in line OyO transition 

on going fro a vapour to p-di chlorobenzene host crystal and then to 

-1 . 

pure 30 lid. form, as given in Table 5 29295.4 cm in vapour, 

29599.6 cm“'' in pPCB and 3 O 3 OO.G cm""^ in neat solid. Thus 


considerable redistribution of charge tahes plane on going from 

vapour to solid even in sta,te whereas subsequent change on 
i *1 

going from A^ solid to solid is smaller. 
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Ta'ble 3.1 


Selcctiori xules for ^ 2 -^ Pyridin© IT— Oscics 111 Raiiiaiiy xiifrared 


and Electronic Spectr? 


'Symrnetrs’ 
SDGCiB S''-’ 

Ea.man 

InFfared 

teL'L... 

t ibni 6 

K.y jky hmj> 

R, 

P 

IR, type -A 

(observed) 

uv, 

B -type (observed) 

10, Bp 

R, 

dp 

IR, type-B 


XX, 

A -t 3 ’"De (observed) 

«=-»G “ 

3, ap 

R, 

dp 

XC 


sc 

C^-type (not observed) 

mss>^ 

6 > il 

E, 

dp 

IR, type-C 

(observed.) 

sc 



*lTomenclature of species is after Kulliken (1^) 

■^E, IE, UY denote activity in Raman,, infrared, and electro’Mc 
snectra, SC forlidden, p, polarized; dp, dpolarxzed. ir» £» 
and A . B , 0 denote tlie type of 'band-conton.rs xn IR and 

eleotronic spectra, respectively. 
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gable 3»2 

Band origins, ^qqj (obi”* ) for Bg#— transition of 
Psrridine N-Oxide in gas and solid (matrix 
and neat solid) phases 



Ga.s Phase near 

CgH^lTO 

Solid at 4.2°K 
p-CgH^Olg matrix 

C^H^iTO G.Pr-iiO 

6 5 t> 5 

Pure form 

G^Ht-NO 

6 5 

1 

o 

29295.4 

29599.6 29722.6 

30300*0 

Av(c) 

304.2 

123.0 577.4 

^l(o) 

0 

504.2 427.2 

1004.6 


(a) Value of gyrovlbronic origin from reference _ for gas phase 

(b) Prom reference {€) 

(c) Av* represents the sliifts between consecutive columns, and 

Zl Iq depicts the shift towards hi^.er frequency from the gas 
phase in CgH^lfO 
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TalDle 3.3 


ilmdasental Ibdes (in Gm~ ) in Vapour and. Solid Pyridine 


1 *1 

l^-Oxide in- ^ and States 




State 



State ■ 

Vapour 


Solid 

Electronic - 
Absorption 


Electronic 

Absorption Emission 

Raman^ 

Vapour 

Solid 


(360^K) 

.(A. 2“Kl .. 

(296°K) 

(303°K) C36P°K)__ 

^_(4.2°K) 

6 a 

540.3,(540.3) 

543 

544 m 

546 s 510.1 

527.0 


540.2. 



(510.1) 


12 

842 ;8, (843.4) 

820 

843 s 

838.5 s 818;4 

766.0 


843.5- 



(817. 4) 

- 

1 

1013.0,(1013.8) 


1018 vs 

1012.5VB 978,3 

946.0 


1013.3. 



(917'.6) 

- 

18a 

1044.9,(1045.4) 


1045 ms 

1043 m 961 ‘;8 

995.0 


1046.0. 



(962.7) 


9a 

1164.8,(1164.1 ) 


1170 m 

1168 s 1117.1 


- 

1165.0. 



(1117.1) 

•i. 

7a 

1303.0,(1302.3) 

1232 

1255 m 

1 257. 5vs 1323.0 

— 


1302.4- 



(1322.5) 


19a 

1460.4,(1461 .3) 

1464 

1470 w 

1463 vs 1480.0 

1417.0 


1461.0. 

- 


(1479.3) 


8a 

1609.3,(1610.6) 


1604 s 

1603 s 1639.2 

1513 ? 


1608.5 

_ 


(1640. 1) 

. - 

13 

■ 

— 

3040 w 

3043 m 3112.3 

— 


3045.0 

_ 




2 



3083 vs 

3085 s 3127.5 



3076.0 



(CCl^ so In) 


20a 

•»* 


3110 ms 

3100 s 3203.6 



3099.0 





^0 = 

= 29299.7 cm”** 






a Itie notations vs, s', ms, m, w denote tlxe intensities of the 

hands ^^d represent very strong, strong,, medinm strong, 
medium, and weal; respectively. 
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•Table 3*4 (b, 


le-velsi CoTnb±r.,atioii Differences and Fc-idamental 
Preanencie s (in om "^ ) for Pj/ridine D— O2d.de for B2 Siaie 


Attached to 
.mfferenoe 

1 1 
S aQ*^^ ^0 

1 9 aQ-6 aQ 

7aJ-6aJ 

9aJ-6aJ 

1 J-6aJ 

1 ij 

18 aQ-6 aQ 

I 


1129.1 


813.7 


467.6 


3O8 *4 


1131 .0 


18 a^' 


Me sn 


1130.0 


“PundamentaJ 
Pre Quency 

1640.1 


— 


969.2 

- 

969.2 

1479.3 

811 . 

.9 

812.7 

811.3 

812.4 

1322.5 

607^ 

.2 

- 

606 .9 

607. 0 

1117.1 

467 

.2 

- 

467.7 

467.5 

977.6 

- 


- 

452.6 

452.6 

962.7 



307.2 

306.4 

307.3 

817.4 


510.1 
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T able 3»4(C) 

b^ levels s Combination Differences _ and Punda^mental 
Dre guencies (in cm” ) for P^^ridine ll-Ori'""s for 'b^ State 


Attached to 
Difference 

18d^ 

6 '“? 

•1 pr® 

^1 

I9b::[ 

8 b^ 

Ifean 

i\mdamental 
Pre qnency* 

SlJ-ISbJ 

11 56 ^ 3 

- 



1155.4 

1 1 54.6 

1155.4 

1618.7 

19tJ-18b1 

978.1 

976.3 


973.0 

978.4 


977.9 

1441 .2 

I 4 J-I 8 I.J 

831.3 

832.4 

831.2 

- 

330.3 

- 

831 .3 

1294.6 


- 

- 

- 

618.0 

621 *1 

619.0 

619.3 

1082.6 


596.0 

- 

- 

- 


596.4 

596.2 

1059.5 


- 

- 

575.2 

576.3 

- 

- 

575.7 

1039.0 

6bJ~18bJ 

101.5 

- 

101.8 

- 

- 

100.8 

101 .3 

564.7 

18bJ 








463.3 


^ 1 —‘1 

Base value, ISDq = 463.3 cm” -is from tbe observed electronic 
J^-type band at + 463.3 cm'"'^ . 




115 




cdJ 

H 

C^l 


CQ 

CD 

•H 

O 

<D 

O’ 

CD 

PH 05 
-P 
o3 
-P 

m 


cd 
-p 

CD 

cd 

ft «H 


4r 


f4 


0 

cd -ri 


0 

CD'* 

O 

?=! 

0 

u 

0 

‘p 


O 

cd 

?::{ - 

•H t- 

^ ‘ 

O 

o 


o 

s 

•H 

ft 


u 

<S 


oo .H 
0 ^ 
ft 
0 
[> 

0 

ft 

C \1 

ftl 


.P 

IP 


jri 

I Hi 


N 

s 

0 

Si 

0 

H 

ft’ 


K\ 

* 

ITi 

CTt 

Lr\ 


K\ 

CM 

tr\ 


(M 


m 

cn 

tr\ 

VO 

. tA 

• > 

■i ♦ 

. • > 

• 

# 

ft- 

CO 

CO 

I>- 

CJX 

co 


VD 

tA 

VO 

T — 

T~ 

O 

VD 


T— 

T” 

T— 






o 

O 

CO 

CM 

VD 

CvJ 

tA 

• 


« 

• 

. « > 

• 

« 

VD 

CO 

ft- 

lA 

CA 

(Tx 

CO 

CNJ 


!>* 

T- 

ir- 

CA 

VD 


Cu 

!>- 

D- 

VD 

LA 

r- 


S 1 

8 i CO 

LA 




O ' 

• 




1 ^ 5 ’'O 



I 

» 1 


IA ,! 

1 

1 ! - 

GO 





h I 


KN 

o- 

LPv 

OD 


vX) 

. ♦ 

CO 

m 

CO 


CTv 

« 

LTV 


' • 

O 

CO 

VD 


ft- 

C-- 

cr- 


tr\ ‘T" 

• • ♦ 

(3^ CO 

<J\ UD 

ITN -r- 


O 

, • 

CTv 

Ift 

VX) 


VX> 

<M 


\D 

, « 

ir\ 

tft 


ft- 

T“ 

t>- 


co 

■« 

(j\ 

Lr\ 








T”' 

• 

VD 

♦ 

T-O 

\S\ 




1 

CA 

Ift 

VD 

CM 

T— 

i 

* 1 

‘ 1 

CA 

lA 

VD 

't— 

: 

i 










VO 


<X) 


ft" 

CM 

jv— O 

1- • 
A 

« 

c- 

1 

' m 

lA .1 

1 

• 

Tv 

A 

il 

CM 

1 ^ 

ir\ 

■oO 

!>* 


A 

A 

VD 

■r- 


o 

p 0 

o 

p ?- 

irP ^ 
Q 0 
cd p 

jP P 


O T- 
A 

Q ^ 

p 

O t- 

O V- 

O ^ 
ft 

o O T- 

o t- ft . ft 

CO 

00 

ft 

ft 

OD 

ft CO 00 

X-* 

T“ 

CO 

CO 

T*~ 

CD t- ; T“ 

^ ‘ 1 

' I 

O 'r- 

‘ 1 

O 

- 

T— 

‘ I 

* 1 

1 

O T- 

i J o nr- 

■ P 

ft 


o ^ 

ft 

O T- ft 

CO 

A 

ft- 

A 

A 

A VO 

r- 

p 



T— 



116 


Table 3*5 


Calculated rotational parameters and PR separations 
at 3OOOK for IE band contours of Pyridine IT-Oxide 


Rotational Constants 
MC/sec 


a 


A = 5899.74 
B = 279 4.61 


C = 1896.26 


Computed parameters 


b 


S(^) = 1 .275 

f = 1 .515 
B = 2345.435 

MC/ sec 


Calculated-^v-nT-. and 
(^Q/lTotf 


AVpjjAd !) = 14.5 cm"'* 
1 ) _ 11.5 cm“^ 

PI^C( _L) ^ 21 .8 cm’*"’ 


(.3 


^Total'-^'i i 



0.22 


£i* 

bm 


The rotational constants are from microwa've ■ study (15) 

The parameters S(^), 0 and B for the near asymmetric top mole- 
cules are defined in Refs. ( 30, 31,) alongvvith quantitieszi. Upp. 
and A- type bands, heat B-type bands do not 

shov; Q branch under symmetric top- approximation and C-type bands 
ha-ve pronounced Q peak (see text). 
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(Table 3 »6 


#-.1 

b 2 (Fund amen tal.K&des (in cm"* ) in Vaponr and Solid ljm?idine 


I'T-OxLde in "*A-| and States 




"^A^ State 


'"^^2 State 


Yapour 


Solid 


ij l 6 c u-co in c 
absorption 

Mode 


Electronic" 

emission 

Ramana- 

(296*^1;) 

IR^ 

(303°IC) 

Absorption 

(360°K) 

Yapour Solid . 

( 360 °K) ( 4 . 2 °K) 

18b 

(469.3) 

453 

470 m 

466 s 

463 i3 439 

(463.3) 

6 b 

(637.6) 

608 

637 s 

635 w 

563.9 556 

(564.7) 

15 

-,(1068*5) 


1069 vw 

1068 m 

1040.2 

( 1039 . 0 ) 

9:b 

-,(1148.9) 

— 

1148 s 

1145 w 

1059.1 

(1059.5) 

3 

-,(1184.5) 

- 

1175 m 

1184 s 
(CGl^soln) 

1084'. 3 
(1082.6) 

14 

-,(1244.'1) 

1213 

1232 m 

1244 vs 

1293^7 

(1294.6) 

19 b 

-,(1327.3) 

— 

1325 vw 

1325 w 

1 440 '.7 
(1441 . 2 ) 

8 b 

-,(1595.3) 

1 5*^-2 

1 597 ms 

1587 w 

1618.4 

(1618.7) 


301 1 . 

•" 

— 

3003 s 

3069.7 

20 b 

— 


3059 s 

- 

3109.8 


= 29299.7 cm""* 

a = (Qie notations tSj s, msi, w denote the intensive s of the 

bands aad represent Ter^ strong, strong, mediiim strong, mediiim, 
and weak respectively. 
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gable 3.7 

Raman bands (cm'"'’) of pyridine >N-0^de 
(not included in Tables ill and 71; 


Raman frequency 

Assignment 

mn I.TI -1 ^ 

Harmonic value 

46 5 

(m) 

(11)2 

462 

683 

(w) 

(11)3 

693 

0 

00 

(s) 

(16a)2 

831 

960 

(w) 

5 

T 

982 

(w) 

17a 

— 

0 

0 

(w) 

(6a)-| (11)2 

1002.3 

1013 

(m) 

(6a)^(l8b)^ 

1009.6 

1260 

(mw) 

(10b)^(16b)^ ? 

1270.2 

1461 

(w;) 

(16a)2 (Sb)^ 

1 468 .6 

1589 

(w) 

(6a)^(l8a)^ 

158 5.2 

161 5 

(w) 

(9b)^(1Sb)^ 

1618.2 

3098 

(w) 

9 

(8a)^(19a)^ ? 

3070 


*iVDr calculating barmonic values tbe data for &ndamental 
frequencies bave been taken from bi^ resolution 
electronic spectra. 
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Table 3»8 


— 1 

iraliexmoriici in Tjn^ical a-, and b^ ibros (in om"~ ) of 

“ 1 1 

PyncTlne l-Oidde in A-j and States 


Transition 

0 bsex~ve.G 

.i.jOatSI“ 

Ca 

lculate(i 


Funda-aianta 

il Overtone 

HarmonJ-c 
Yalne of 
Overtone 

^^e^e 

'-•‘e 

6a° 

-540.2 

-1080.9 

-1080.4 

0.5 

-539.7 

6aJ 

510.1 

1020.1 

1020.2 

0.1 

510.2 


818.4 

1635.7 

1636.8 

1 .1 

819.5 


978.3 

1954.9 

1956.6 

1 .7 

980.0 

9aJ 

1117.1 

2233.0 

2234.2 

1.2 

1118.3 

7aJ 

1323.0 

2644.6 

26 46 .0 

1.4 

1324.4 

8aJ 

1639.2 

3279.2 

3278.4 

-0.8 

1638.4 

6bJ 

563.9 

1129.1 

1127.8 

1 .3 

562.6 


1040.2 

2085.3 

2080,4 

-4.9 

1035-3 

9bJ 

1059.0 

2120.8 

2118.0 

-2.8 

1056.2 


3nd and 4tii meniDei's of the transition liave also been observed. 




*Base value = 723*6 cm 
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!EABLE 3.10 

“"1 

b fundamental Models (in cm ) in Yapour and Solid 
' lyridine H-ozide. 


Mode 


state 

1 

Bg state 

Yapour 

Absorption 

Solid 

IE 

Yapour 

Electronic 

absorption 

11 

(230.5) 

233.0 

(215.0) 

I6b 

508. 5ni 
(510.8) 

514.5m 

(361.6) 

4 

67 1 • Os 
(671.7) 

671.0s 

(418.0) 

10b 

758.5s 

(760.6) 

761.5s 

(637.5) 

17b 

881.0\V 

(881.7) 

886.0s 

(ecl^ solution) 

(726.4) 

5 

971.0w 

(973.0) 

976, Ow 

(794.3) 



Table 3.11 



Sg fundamental Modes (in cm ) in Yapour and Solid 
lyridine H-oxide. 

Mode 


1 

. state 

^B^ State 

Vapour 

Solid 

Yapour 

16a 

(415.5) 

415.0 

(flE) 

(165.0) 

10a 

(834.9) 

830.0 E 

(640.7) 

17a 

(989.6) 

- 

(715.1) 
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TASIE. 3«12 

IHmAjRED . EAIID POSITIOITS (ill ) OP PYBIISIIB I-T-OZIIB 


Solid Solution 


Tapour 

at 

RT 

af 

nji 

in 

0 CI 4 

in 

OS 2 

Assignment 

469.3 


466.0 s 

467^0 s 
470,0 s 

471.0 s 

467.0 s 

18b 

(llTp 

508.5 

ni 

514.5 ni 

524.5 a 

513.5 as 

5O8.5 S 

16b 

540.2 m 

546.0 s 

550 s 

544 s 

544 s 

6a 

637.6 


635 w; 

633 w 

634 w 

634 w 

6b 

670.5 

s 

671 

684 s 

670 vs 

669 vs 

4 

758.5 

vs 

761.5 

776.5 s 

783.5 s 

- 

758. 5vs 
781,5 m 

10b 

(6a7(l1 ) 

843.5 

s 

835.5 s 

836 

843.5 s 

839 . 5vs 

12 

881.0 

w 

- 

“ 

889 ms 

866 s 

17b 



907 wb 

912.0 w 

- 

- 

(4)(11) 

970.0 

w 

97 6 W 7 

980.0yv7 

976 w 

— 

5 

1013.3 

s 

1012.5 s 

1013.5 

1014.0 vs 

1 01 2 vs 

1 

1046.0 

w 

1043.0 w 

- 

1043 m 

1042 m 

18a 

1068.5 


1068.0 

1075 mv 

1068 Eis 

1067 ms 

15 , 




1092 w 

1090 w 

1 089 w 

(6 a) 2 



- 

1105 w 

1104.5 w 

1104.5 w 

(6b)(l8b) 

1148.9, 


1145.0 w 

1152 w 

1145 m 

1 1 44 m 

9b 

1165.0 

s 

1168.0 s 

1176 s . 

1173 vs 

1164 vs 

9a 

1184.5 


— 

1182 s 

1184 s 

1183 s 

3“ 


contd 




contd 


(gable 3*12 ) 
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Vapour 


Solid 


Solution 


at 

El 


at 

Ml 

. in . . 

COl^ 

in 

Csg 

Assignment 

1 244 . 2 

-- 


1 243 


1256 vs 

14 


- 



- 

1 26 5 vs 

(6^)2 

1302.5 s 

1246 

ms 

1252 ms 

1276 vs 

1 27 2 vs 

7a 

1327.3 

1330 

w 

1330 w 

1332 vw 

1332 m 

19d 

- 

1370 

w 

1364 'VW 

1358 m 

1564 w 

(I2)(l6b) 

- 

« 


- 

1585 iirw 

1585 w/ 

( 5}(16a) 

- 

- 


- 

1405 m 

1595 vw 

(I7:b}(l6:b) 

1 46 1 • 0 s 

1460 

vs 

1 467 vs 

1463 vs 


19a 




1 47 1 vs 

1471 vs 

- 

(61)(12) 


1480 

in 

1480 m 

1487 s 

- 

(5)(l6jb) 

— 

1514. 

5 

1 51 5 vw 

1518 w 

- 

(10Td)2 


1553 

vw 

1 554 vw 

1 550 ms 

- 

(17:b)(4) 


1567 

w/ 

1 564 vw 

1567 


(9:b)(l6a) 

- 

1588 


1590 

1589 


(12) (10b) 

(1595.3) 



I6O4 m 

— 

- 

8b 

1608. 5 s 

- 


1610 m 

1605 vs 

- 

8a 

\ 





I6I4 m 

1615 w 

(9b) (18b) 





1631 w 

1650 w 

( 17b) (10b) 





- 

1696 m 

(9b)(6a) 





- 

1701 m 

(I4)(18b) 





1716 s 

1705 m 

(I7b)(10a) 





1771 w 

1770 w 

(17b) 2 





1840 mw 

1855 m 

(8a)(ll) 





1857 mw 

1855 m 

(5)(l7b) 


contd 
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conM ( gable 3»12 ) 




Solution 


Yapo^ir 

at ^at ; ... 

Rg mg 

xjri 

001 ^ 

. . xn 

Cs^ 

Assigament 



19 I 8 mv 

1915 m 

(9a)(10b) 



1 941 mw 

1935 m 

( 5)2 



2006 w 

2006 w; 

(9a)(l2) 



2095 mv7 

2095 w 

(18a) 2 



2298 mw 

- 

(9b)2 



2392 w 

- 

(I5)(l9b) 



2447 mw 

2443 mw 

(8a)(l2) 



2519 m 

2443 mw 

(9b)(l9b) 



2633 w 

2625 w 

(8a)(l) 



2724 w 

2722 w 

(19a) (7a) 



2774 m^v 

2771 mw 

(8b)(3) 

2938.5 


2927 m 

- 

(I9a)2 

2986 .0 vj 




(12)2(7a) 

3011.0 mw 

3003 ms 3003 ms 

3006 ms 

3004 ms 


3045.5 

^ 3043 m 

3043 ms 

3038 m 

13 

- 


3067 s 

3064.5 s 

20b 

3076.0 m 

3077 m 

3085 s 

5 OBI s 

2 . 

3099.0 mw 

3110 s 3100 s 

3110 s 
3061 w 

3110 s 
5157 w 

20a 

(l'5a)(8b) 
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TiBIE 3.13 (a) 

THB low :eSBQLWGY ?IBRATIOIjr (in cm"'' ) OP PYEIEII^ l-OXEIE 


Solid^ 

aj 

liquid 

ThT^ 

7apour^°^ 

Assignment^ 

Infrared 

lam an 

Inf rare d 

Raman 

Infrared 

Electronic 

513 s 

- 

514 

511 

5O8 

508 

too? 

466 vs 

470 s 

468 

469 

- 

470 


— 

46 5 m 

452 

- 

- 

- 

(11)2 

415 w 

- 

— 

415 

- 

415 


233 s 


- 

226 

- 

231 

’'no » 

11 2 w ■ 

108* vs 

- 

- 

- 

- 

X 

86 w 

80*m 

- 


- 

- 

L or I 

- 

71*m 

- 

- 

- 

- 

1 or I 

56 v; 

49*s 

- 

- 


- 

T 

- 

36*m 

- 

- 

- 

- 

T 

— 

20*m 


- 

- 

- 

T 


(a) !Eh.e notations vs, s, m and w denote the intensities of the bands and 
weal?: respectively. lEae data marked with an asterisk are given in 
reference ( 1 1 )» 

(b) fhe liquid values are from ffirone { 4), 

(0) Tapour phase data are from recent hi^ resolution -studies ClOj. 

(d) !Ehe notations have been explained earlier ( 11-1 2). 
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ASSUI^L GBOJffiTEY K)R PIBIDIIE I-OXIIiB IH 



R(C^H^) = 1.070 i 

R(C^C2) = 1.381 

H(C2G^) = 1.393 

R(]!I C^) = 1.384 

R(H 0) = .,1.29 

<O^G^G^ = 124 . 6 ° 

= 121.0 

<H2G2C5 =117.7 

<020304 =114.1 

<^3030^ =122.95 

<G^R 0^ =120.9 


2Ih.e siif fixes wiiii the atoms represent tlieir positions 
(of Fig 3.13) 
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T-ABIB 3 .15 

DBHHIglOIfS OF gHE IlgBRML COOKDIITASSS 
K)R PYEIBIIOJ H-OXUS 



planar 

iv'bdes 

1 1 m 

ITon-planar Dfcdes 

internal 

Coordinate 

definition 

Internal 

Coordinate 

■n^ Internal 
Definition Coordinate 

Definition 

Si 

V (C^C^) 

S16 

«( 0^0203) 


y(c^h^) 

S2 

V (C2G3) 

O^rj 

sCo.o^g) 

S32 

Y ( 0 ^ 2 ^ 

S3 


SI8 

g(H2C2C3) 

^33 

Y (G3H3) 

S4 

'■ (O4O5) 

S19 

05(02030^) 

S34 

Y (O^Hp 

S5 

V (Cgh) 

S2O 

8(G2C3H3) 

^35 

yCo^P 


(hCg) 

. S2I 

3 (H^G3C^) 

S36 

Y (ITO) 

^7 


S22 

“(O3O4O5) 

^37 


% 

^ (C2H2) 

S23 

SCOjO^Hp 

S38 

•^(0203) 

Sg 

v.(C^H3) 

S24 

e (H^G^Cg) 

S39 

^ (Ojop 

S1O 

V (C4H4) 

S25 

0(0403^) 

S40 

f° 4 ° 5 ) 

S1I 

V (C5H5) 


. MC4C3H3) 

®41 

Y (OgS) 

S12 

V (hO) 

S27 

MH3C3rO 

®42 

Y (HO^ ) 

SI3 

a (1^0^02) 

S28 

a(C3EfC^) 



®14 

^ (hC^H^) 

S29 

3 (CghO) 



S ^5 


S30 

3 (OhC^ ) 




Ihe rimning suffixes with th.e internal coordinates (S) show tlieir 
identifying number while the suffixes with atoms represent their 
positions rcf Hg3*13)* 
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REFINED UBFF FOR PLANAR AND NON-PLANAR VIBRATIONS 
OF PYRIDINE-N-OXIDE. (Table 3.16) 


•'cc, 

•^cn/no 


6 , 0 
O .j6 


^CH 

U 

1 

C C , ^ NO 


6 



1 

0 

f^NC, 

*i:c»^CN 


1 

^CH 

N 

6 

^NQ 


6 



6 

6 



^cc, 

" 1 




k ! 








I 



I 

At. 





'^CCj’^NC 


0 , 0.0 


Units: K in m^d ^ 

Hj / and I in 10 erg/rad^ 


5.1453 4.10 34.50 


4.75234.865,4.745 


0.66 3 0.45 5 


0.335,0.233, 0.45 


0.75 , 0.52 , 0.803 


0.4395 , 0.3395 
0.260, 0.260 

0.9226 


0.15 ,0.192 30:225 


0.6 4 5 


0.045 ,0.083,0.095 



TABLE 5.17 
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O^ER'^JED AM) CALCgLATEn) 7ALUSS OF FOI^il^EL^TAL 
HOPES (nT om-'l ) OF PYRIDIUSS IT-OXILE ” 


Symmetry 




Pesignatioii 

Description 

JiindaHBntal Frequency 

Observedl^j 

Calculated 

6a 

X-sensitive 

540.5 

541 

12 

X-sensitiire 

842.3 

825 

1 

Ring 

1015.0 

969 

18a 

boh 

1044.9 

1007 

9a 

6 CH 

1164.8 

1122 

7a 

jC-sensitive 

1505.0 

1563 

193 

vCC , CE 

1460.4 

1479 

8a 

VCC 

1609.5 

1575 

13 

VCH 

5045 ^ 

5088 

2 

■^CH 

5076-^ 

3091 

20a 

VCH 

5099^ 

5098 

ISL 

X-sensitive 

469.3 

461 

61d 

Ring defoiaiation 657*6 

626 

15 

BOH 

1068. 5 

1059 

913 

BOH 

1148 .9 

1122 

5 

BOH 

1184.5 

1224 

14 

vcc 

1244-1 

1268 

19L 

'«GC,CE 

1527.5 

1392 

813 

vCC 

1595-5 

1545 

TL 

VCH 

5005 ^ 

5046 

2013 

VGH 

3059 ^ 

3085 


contd 


« • • 
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Table 5-17 contd 


11 

X-sensitive 

250.5 

285 

I6b 

X-sensitive 

510.5 

465 

4 

tCC 

671 .7 

644 

10b 

ych 

758.5^ 

757 

17 h 

ych 

801 .7 

870 

5 

YCH 

975.0 

960 

l6a 

tCC 

415 , 0 * 

448 

10a 

YCH 

854.9 

851 

17 a 

yCh 

989 .6 

995 


a s High Resolution, electronic spectra (vapour phase) 
I t IR Yapour 
R s Ramn Solid 


* ; Par infrared solid 
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APPSmiX 3.1 

BMD POSISIOITS MD BELA5?I?B IHTMSmiS. Kie intejosities (l) are 
relative to origin band (0,0) = 100 in the electronic spectrum. 


Issignment"*” 

Brequency 

-1 

cm 

Av(cm ) 



Observed 

Calculated* 

X 

12°15° 

27385.194 

-1914.6* 

-1911.3 

.01 

6b°14° 

27422.520 

-1877.2 

-1877.7 

.02 

6b°17a° 

27672.953 

-1626.8 

-1627.2 

.02 

18b°9b° 

27682.059 

-1617.7 

-1621.2 

.05 

8a° 

27690.453 

-1609.3 

A.O. 

0.05 

6a°18a^ 

27721.453 

-1578.3 

-1582.2 

0.05 

0 0 

6a^1l 

27744.833 

-1554.9 

-1553.3 

0.05 

7a^l6a^ 

27747.112 

-1552.6 

-1554.3 

0.1 

4°17b° 

27747.112 

-1552.6 

-1553.4 

0.1 

18b°15° 

27761.510 

-1538.2 

-1537.8 

0.02 

6a°3° 

27791.253 

-1508.5 

-1512.3 

0.09 

19a°i; 

27801.713 

-1498.0 

-1493.7 

0.1 

19a^6a^ 

27809.533 

-1490.2 

-1490.6 

0.1 

19a°11^ 

27821.565 

-1478.2 

-1476.4 

0.08 

I9a^18b^ 

27831.327 

-1468.4 

-1466.4 

0.08 

19a^ 

27839.377 

-1460.4 

A«0« 

0.02 




Calculated* 


I 


Assig om ent Prequency 

-1 

cm 


Observed 


AvCdP. 


9a°17a} 

27862.469 

-1437.3 

-1439.8 

0.01 


27865.964 

-1433.8 

-1432.5 

0.01 

I6a^17a^ 

27898.427 

*•1401 .'3 

-1 405.1 

0.01 

I6b°17b° 

27913.247 

-1386.5 

-1392.5 

0.3 

6a°12° 

27916.729 

-1383.0 

-1383.1 

®.25 


27958.339 

-1341.4 

-1343.4 

0.3 


27962.654 

-1337.1 

-1336.3 

0.3 

7a°l8bj 

27989.030 

-1310.7 

-1309.0 

0.01 

r, 0 

27996.726 

-1303.0 

A.O. 

0.08 

18a^l6a^ 

28000.227 

-1299.5 

-1296.2 

0.03 

0.^ 1 
1^17a^ 

28011.446 

-1288.5 

-1288.0 

0.04 

I6b°10b° 

28032.476 

-1267.3 

-1271.4 

0.1 

1?16a] 

28035.732 

-1264.0 

-1264.3 

0.09 

t7a°11° 

28079.294 

-1220.5 

-1220.1 

0.06 

9a°1lJ 

28121.483 

-1178.3 

-1180.8 

0.2 

16b°4° 

28121.483 

-1178.3 

-1182.5 

0.2 

9a°18b| 

28129.339 

-1170.4 

-1170.8 

0.02 

A 

28134.938 

-1164.8 

A.G. 

0.03 
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Av{<a!i 


Assigomeiit 

frequency 
<sa ^ 

Observed 

Calculated* 

I 


28138,786 

-1161.0 

-1161,9 

0.02 

o 

sS 

00 

O t-» 

CO 

28168.644 

-1131.1 

-1132.0 

0.03 

18a^^b^ 

28178,765 

-1121.0 

-1117.0 

0,05 

11°17b° 

28191.506 

-1108.2 

-1112.2 

0.01 

12°l6aj 

28202.876 

-1096-9 

-1094.1 

0.5 

eag 

28218.811 

-1080,9 

-1080.6 

0.3 

18a°n; 

28239 .327 

-1060.4 

-1060.9 

0.01 

18a° 

28254,871 

-1044.9 

A.0. 

0.01 

8b“6b’ 

28269 .429 

-1030.3 

-1031 .4 

0.2 


28269,429 

-1030.3 

-1029.0 

0.2 

l^lSbj 

28280.699 

-1019.1 

-1019.0 

0i03 

16b2 

28280.699 

-1019.1 

-1021.6 

0.05 

1 ? 

28286.718 

-1013.0 

A.O. 

0.3 

11°10b° 

28307.441 

- 992.3 

- 991.1 

0.05 

12°l6b^ 

28307.441 

- 992.3 

- 991.7 

0.05 

I6b°l6'a° 

28371,180 

- 928.6 

- 926.3 

0.05 


28421.340 

- 878.4 

- 876.1 

0v2 

0^ 1 

12i6a, 

28426.905 

- 872.8 

- 873.0 

0.1 
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mm'i 

&v(gm ) 


issigoment 

l^quency 

-1 

cm 

Observed 

Calculated* 

I 

0 1 

19b ^ISb^ 

28436.199 

- 863.6 

- 863.6 

0.3 

0 1 

12J1 ‘ 

1 1 

28439.617 

- 860.1 

- 858.8 

0.3 

12°l8b] 

1 1 

28451.366 

- 848.4 

- 848.8 

0.1 


28456.941 

- 842.8 

1.0, 

1 

0 

16 

28468.824 

- 830.9 

-831.0 

0.03 

17a°l6aJ 

28475.202 

- 824.5 

- 824.6 

0.1 

6a^17aj 

28483.608 

- 816.1 

- 815.3 

0.2 

7a^6aJ 

28508,522 

- 791.2 

- 792.9 

0.8 

6a^l6a^ 

28508.522 

- 791.2 

- 791.6 

0.8 

12*^4°17b'* 

11 0 

28514.019 

- 785.7 

- 787.1 

0.05 


28540.830 

- 758.9 

- 758.0 

0.03 

I2°18b°6l>j 

28554.836 

- 744.9 

- 747.3 

0.05 

0 1 

3^18bJ 

28577.934 

- 721.8 

- 721.2 

0.6 

6a°16b^ 

28611.774 

~ 688.0 

- 689.2 

0.4 

0 1 
I0a^16a^ 

28629.651 

- 670.1 

- 669.9 

0.02 

cr 

*-* o 

O “-!• 

28635.501 

— 664.3 

- 666.7 

0.04 

^^0 

28669.361 

- 650,4 

- 631.0 

0.2 

6a^6b^ 

28687.186 

- 612.6 

- 612.4 

0.5 
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issigimetit 


+ 


Itequency 

(cm”'') 



Observed Galctilated* 


I 


5,161>^ 

2868?. 186 

- 612.6 

- 611.4 

0.5 

15“l8bJ 

28694.395 

- 605.4 

- 605.2 

0.3 

9b°6bJ 

28715.285 

- 584.5 

- 5® .0 

1 


28728.633 

- 571.1 

- 570.5 

1 


28742.087 

- 557.7 

- 555.0 

1.5 


28742.087 

- 557.7 

- 556.6 

1.5 

8bi15o 

28742.087 

- 557.7 

- 555.1 

1.5 

6a^18b!j 

28753.763 

- 546.0 

- 546.3 

0.5 

10b°1l1 

28753.763 

- 546.0 

-- 545.6 

0.5 

6a° 

28759.485 

- 540.3 

A.O. 

5 

8bSb^ 

10 

28765.031 

- 534.7 

- 536.1 

0.3 

O *1 

18a^6aQ 

28765.031 

- 534.7 

- 534.8 

0.3 

0 1 
ITb^flSbQ 

28777.829 

- 521.9 

- 520.1 

1 


28787.611 

- 512.1 

•■511.0 

0.3 

15°6bJ 

28796.121 

- 503.6 

- 504.6 

0.2 

19a°18aJ 

28801.739 

- 498.0 

- 498.6 

0.1 

8a°9aJ 

28809.409 

- 490.3 

- 492.2 

: 2 :< 


28814.927 

- 484.8 

- 484.6 

0.01 





Av(cm 


Issigoment 

ibrequeaqy 

(cm 

Observed 

Calculated* 

I 


2S817.028 

- 482-7 

- 482.1 

0.02 

6b° ? 

28829.337 

- 470.4 

A.O. ? 

0.3 


28834.510 

- 465.3 

- 463.7 

0.03 

"2 

28838.986 

- 460.8 

- 461.0 

0.1 


28838.986 

- 460.8 

- 456.7 

0.1 

10b°l6bJ 

28898.941 

- 400.6 

- 399 .0 

0.05 

0 1 
ITa^lOa^ 

28950.562 

- 349.3 

- 348.9 

0.2 

9a°12j 

28953.993 

- 345.8 

- 346.4 

0.2 

19a°9a’ 

28955,779 

- 344.0 

- 343.3 

0.3 

101,°4j 

28955.779 

- 344.0 

- 342.6 

0.3 

7a®18a’ 

28961.194 

- 338.6 

- 341.2 

0.4 

S^IObJ 

28963.800 

- 335.9 

- 335.5 

1 

12°6a’ 

28967.245 

- 332.5 

- 332.7 

1 


28976.251 

- 323.5 

• - 324.7 

0.5 ■ 

16l>°1lJ 

29002.255 

- 297.5 

- 295.8 

1 





141 




issigimaat 

Prequency 

(cm'’'*) 

Obseired 

Calculated* 

I 

ITa^jlSb] 

29019.014 

- 280.7 

- 280.5 

0.05 

17a] 

29024.724 

- 275.0 

- 274.6 

5 

16a] 18b] 

29042.711 

- 257.0 

- 256.5 

1 


29042.711 

- 257.0 

- 253.7 

1 

I6a] 

29048.498 

- 251.3 

- 250.5 

15 

5?17bJ 

29 '05 1.930 

- 247.8 

- 246.6 

0.01 

0 1 
17b^10bQ 

29057.216 

- 242.5 

- 244.2 

0.01 

19b°3j 

29057.216 

- 242.5 

- 243.0 

0.01 


29060.739 

- 239.0 

- 243.0 

0.01 

0 1 

18a^12Q 

29072.238 

- 227.5 

- 226.5 

0.01 

14*^15^ 

1^1 IDq 

29092.761 

- 207.0 

- 203.9 

0.5 

1*^12^ 

'l ' 0 

29104.652 

- 195.1 

- 194.6 

0.3 

10a] 

29104.652 

- 195.1 

- 194.2 

0.3 


29115.449 

- 184.3 

- 186.5 

0.05 

7a^9a^ 

29115.449 

- 184.3 

-185.9 

0,05 


29120.137 

- 179.6 

- 178.7 

0.01 

6b°18bJ 

29124.503 

- 175.2 

- 174.3 

0.01 





T42 


Assignmaat 


ibrequency 

(cm”’') 


Av(cm ) 


Observed 


Calculated* 


I 


14^3^ 

'^ro 

29143.094 

- 156.7 

- 159.8 

0.01 

17bJ 

29143.094 

- 156.7 

“ 155.3 

0.01 

8b°19bJ 

29143.094 

- 156.7 

- 154.6 

0.01 

16b^ 

29150.857 

- 148.9 

- 148.4 

1 


29154.281 

- 145.5 

- 144.3 

0.01 

0 1 

8a,i9a’ 

29171.186 

- 128.6 

- 129.3 

0.05 


29171.186 

- 128.6 

- 126.0 

0.05 

10b] 

29176.120 

- 123.6 

- 123.1 

0.05 

10a°17aQ 

29180.122 

- 119.6 

- 119.8 

0.05 


29193.743 

- 106.0 

- 108.7 

0.3 

3; 

29195.910 

- 103.8 

- 100.2 

0.3 


29207.474 

- 92.3 

- 92.8 

0.5 

9b] 

29210.781 

- 89.0 

- 89.9 

1 


29210,781 

- 89.0 

- 87.4 

1 

18a] 

29213.736 

-• 86.0 

- 83.6 

1 

6b] 

29227.621 

- 72.1 

- 74.1 

5 


29233.940 

- 65.8 

- 66.6 

0.05 
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Av(om 


Assignment 

ilrequency 

/ "“1 ' 

(cm j 

Observed 

Calculated* 

I 

0 1 

29249.305 

- 50.4 

- 51.2 

0.5 

9a^ 

29252.280 

- 47.5 

- 47.7 

0.5 


29266.478 

- 33.3 

- 34.7 

2 

0 1 
10b^17bQ 

29266.478 

- 33.3 

- 34.2 

2 

4°10b1 

29266.478 

- 33.3 

- 34.2 • 

2 

m°nl 

29266.478 

- 33.3 

- 33.2 

2 

Sa] 

29269.552 

- 30.2 

- 30.1 

2 


29269.552 

- 30.2 

- 28.3 

2 

"1 

29283.798 

- -'16.0 

I 

...Jk 

• 

o 

24 

18bj 

29293.703 

- 6.0 

- 6.0 

8 

0,0 (origin) 

29299.751 

0,0 

- 

100 

1 

7a^ 

29319.875 

20.1 

20.0 

0.4 

19a^ 

29319.875 

20.1 

19.6 

0.4 

1 

8b^ 

29323.215 

23.5 

22.8 

0.6 

10bi5’ 

29328.330 

28.6 

33.7 

1 

00 

29328.330 

28.6 

29.9 

1 

4°17b1 

29355.446 

55.7 

54.7 

1 





U4 


Av(cm~*^ ) 


Assignment 

Frequenoj 

(csi“^) 

Observed 

Calculated* 

I 

18 b° 6 bQ 

29595.226 

S5.5 

94.6 

4 

19b^ 

29414.572 

114.8 

113.8 

0,08 

^ro 

29419.953 

120.2 

122.6 

0.09 

I6b°10b^ 

29429.326 

130.2 

126.7 

0.5 

11°l6bJ 

29429.926 

130.2 

131.1 

0.5 


29434.442 , 

134.7 

135.5 

0.5 

19a°8a^ 

29477.467 

177.7 

178.8 

0.8 

11°4^ 

'*10 

29486.875 

187.1 

187.5 

0.8 

16b°17bJ 

29513.438 

213.7 

215.6 

0.01 

l6a°10aQ 

29525.583 

225.8 

225.2 

0.9 

15J14J 

29525.585 

225.8 

225.5 

0.9 

6a°12°8bJ 

29535.893 

236.1 

235.0 

0.8 

5?«*>0 

29555.968 

256.2 

256.2 

5 

12°9aJ 

29574.409 

274.7 

274.3 

3 


29577.793 

278.0 

278.1 

4 

IBa^To^ 

29577.793 

278.0 

278.1 

4 

16b°5j 

29581.042 

281.3 

283.5 

0.5 





Av(caa ^ ) 


Assignment 

Irequeacgr 

(cm”*) 

Observed 

■9 

Calculated* 

I 


29591.593 

291.8 

291.2 

0.4 

0 1 
9b^19bJ 

29591.593 

291.8 

291.7 

0.4 

l6a^17aQ 

29598,740 

295.0 

299.6 

5 


29615-292 

315.5 

315.2 

1 

16^ 

29630.026 

330.3 

330.0 

7 

7a°84 

29650.026 

330.3 

336.2 

7 

ea^lSb^ 

29659.832 

360.1 

361.2 

0.8 

14°8b’ 

29677.261 

377.5 

373.9 

0.2 

11°10bJ 

29706.5 

406.8 

407.0 

0.3 

6b°9b' 

29723.465 

423.7 

421.1 

O.A 

”o 

29734.205 

434.5 

430.0 

1 

CT^ 

V-A 

o 

29737.183 

437.4 

438.0 

1 

ea^Sb] 

29737. 183 

437.4 

458.0 

1 

18b Jll] 

29747.094 

447.3 

447.3 

1.5 

18b J 

29763.026 

463.3 

A.O. 

4 

6aj6a| 

29779. 164 

479.4 

479-9 

5 

12®7aJ, 

29779.164 

479.4 

480.2 

5 





U6 


Av (ffla ^ ) 


igsignmetit 

Erequency 

(m'b 

Observed 

Calculated* 

I 

c l-iil 
ea^Hi 

29794.239 

494.5 

494.1 

8 

11 “mj 

29794.239 

494.5 

495.9 

8 

6ajl8b^ 

29803.951 

504.2 

504.1 

3 


29809.869 

510.1 

A.0, 

30 

10 1 
18bj4^17bj 

29818.202 

518.5 

518.9 

3' 

6b;j6a^ 

29830.465 

530.7 

530.6 

4 

VJI 

O 

O 

29847.237 

547.5 

549.6 

3 


29859.759 

560.0 

565.8 

0.9 

11%^ 

' ‘l 0 

29861.853 

562.1 

563.8 

1 


29863.647 

563.9 

A.O. 

10 

18b°15j 

29868.387 

568.6 

570.9 

11 


29868.387 

568.6 

576.6 

11 

0 1 

18b, 9bJ 

29889.776 

590.0 

589.8 

0.1 

6^>^18b°6bJ 

29900.848 

601.1 

6CS.6 

0.3 

wiA 

- 1 . o 

00 

o —*» 

29925.339 

625.6 

626.2 

0.5 

11°4^ 

29929.438 

629.7 

633.0 

0.5 

12^19aJ 

29940.420 

640,7 

637.2 

0.3 





Assignment Srequenoy I 



(cm”^ ) 

Observed 

Calciilated* 



29948. 1 10 

648.4 

645.6 

0.8 

6b°14j 

29956.922 

657.2 

656.1 

003 

12jl6b| 

29967.931 

668.2 

669.5 

3 


30001.946 

702.2 

703.3 

6 

leb^ 

30023.319 

723.6 

723.2 

2 


30026.695 

726.9 

727.0 

10 

12j9b’ 

30026.695 

726,9 

729.4 

10 

12j6bj 

30045.097 

745.3 

746.3 

7 


30083.254 

^3.5 

779 .6 

5 

6a°7aJ 

30083.254 

783.5 

782.7 

5 

12°8aQ 

30098.244 

798.5 

796.4 

12 

'4"] 

30100.863 

801.1 

802.4 

13 

6b°19bJ 

30100.863 

801. 1 

802.7 

13 

Iba’lOaJ 

30109.163 

809.4 

8{:5.7 

6 


30118.165 

818.4 

A.O. 

50 

18b°uJ 

30125.052 

825.3 

824.4 

0.4 

+0 

30139.935 

840.2 

836.0 

4 

98^6a^ 

30165.950 

866,2 

865.8 

2 







Assignment 

Erequency 

({sn“^) 

Observed 

CSalculated* 

I 

16ajl7a’ 

30180.083 

880.3 

880.1 

2 

ISaJmJ 

30190.592 

890.8 

891.4 

3 


30204.986 

905.2 

906.2 

7 

12’6bjl8b° 

30212.371 

912.6 

913.9 

3 


30216.798 

917.0 

919.0 

4 

6a°19aJ 

30243.960 

944.2 

939 .7 

8 

ITbJllJ 

30243.960 

944.2 

941.4 

8 

ISa^ll] 

30243.960 

944.2 

945.8 

8 

CO 

f- 

30261.517 

961.8 

A. 0. 

40 


30271.860 

972.1 

972.3 

7 


30278.008 

978.3 

A.O. 

60 

16l,JlObJ 

30295.512 

995.8 r 

999.1 

0.5 

I6bjl0aj 

30303.878 

1C04.1 

1002.1 

1 

6al 

30319.805 

1020.1 

1020.2 

3 

iijnj 

30324.771 

1025.0 

1024.2 

5 

15’l8b] 

30333.061 

1035.3 

1034.2 

3 


30539.990 

1040.2 

A.O. 

25 

uJlSa’ 

30348.346 

1048.6 

1041.4 ■ 

7 




149 


Av(cm''^ ) 


Assignmen-fc 

Ereqaetic^r 
(aa”^ ) 

Observed 

Calculated* 

I 


30358.813 

1059.1 

A.O. 

15 


30358.813 

1059.1 

1058.7 

15 


30366.359 

1066.6 

1068.3 

8 


30373.234 

1073.5 

1074.0 

3 

16b’l7aJ 

30578.084 

1078.3 

1076.7 

4 


30378.084 

1078.3 

1078.5 

4 

9o 

30384.047 

1084.3 

A.O. 

15 

6a°8aJ 

30598.680 

1098.9 

1098.9 

2 


30402.240 

1102.5 

1101.1 

3 

9ajl8b] 

50410.014 

1110.3 

1111.1 

1 

94 

30416.847 

1117.1 

A.O. 

8 

*^•>0 

30428.845 

1129.1 

1127.8 

11 

4”4 

30429.749 

1130.0 

1133.1 

11 

4^17b^ 

^0 0 

30446.820 

1146.3 

1144.4 

8 

18b°8bJ 

30450.089 

1150.3 

1154.8 

9 


30460.503 

1160.8 

1155.9 

1 

4'^5'^ 

^0^0 

30514.684 

1214.9 

1212.3 

1 

9aj6bjl8b° 

30514.684 

1214.9 

1212.7 

1 




150 


Av(cia ^ ) 


Assigameat 

frequency 

/“In 
(csn- ; 

Observed 

Calculated* 

I 

14’6bJ 

30521.224 

1221.5 

1221.6 

5 


30527.960 

1228.2 

1228.7 

6 

14^9.a1 

0 1 

30541.145 

1241.4 

1243.3 

4 

ujsa] 

30560.259 

1260.5 

1260.5 

7 


30576.916 

1277.2 

1277.7 

11 

10aJl0bJ 

30576.916 

1277.2 

1278.2 

11 

M^lSb] 

30587.939 

1288.2 

1287.7 

4 

m’ 

‘^0 

30593.478 

1293.7 

A.O. 

45 


3060a795 

1309.0 

1307.0 

5 

■'4 

30622.727 

1323.0 

A.O. 

18 

s4’4 

30627.684 

1327.9 

1328.5 

15 

lOb’naJ 

30652.144 

1552.4 

1352.6 

0.5 

’4^4 

30683.084 

1383.3 

1382.3 

2 

8aJl6aJ 

30686.438 

1386.7 

1387.9 

3 . 

.2, 0 

30717.449 

1417.7 

1416.3 

10 


30725.824 

1426.1 

1424.7 

1 

18aJl8bJ 

50725.824 

1426.1 

14S.Q 

1 

19b’ 

30740.459 

1440.7 

A.O. 

4 





151 


Av(eiB ^ ) 


Assignment 

Erequencgr 

(cm“^) 

Observed 

Calculated* 

I 

lOaJsJ 

30740.459 

1440.7 

1435.0 

4 


30740.459 

1440.7 

1441.5 

4 

’X 

30740.459 

1440.7 

1441 .6 

4 

I9aj6a] 

30749.251 

1449.5 

1449 .8 

2 

”‘’0 

30749.251 

1449.5 

1452.8 

2 


50763.050 

1463.3 

1464.0 

13 

19aQ 

30779.781 

1480.0 

A.0 

50 


30817.759 

1518.0 

1520.7 

1 


30824,186 

1524.4 

1522.4 

1 

18aj6b’ 

30824.186 

1524.4 

1525.6 

1 

12^9b^ 

‘‘^0 1 

30845.109 

1545.4 

1547.8 

3 


30845.109 

1545.4 

1547.6 

3 


30849.114 

1549.4 

1550.3 

4 

8a>J 

30849.114 

1549.4 

1550.2 

4 


30862.358 

1562.6 

1564.7 

3 

8bJl°18aJ 

30868.132 

1568.4 

1568.7 

2 


30868.132 

1568.4 

1569.2 

2 

^0 

30^2.659 

1592.9 

1588.6 

3 




152 




issigpmait 

Erequenqy 

(cm”^) 

Obserred 

Calculated* 

I 


30892.659 

1592.9 

1594.4 

3 

Sajsa] 

30908.552 

1608.6 

1609.0 

0.5 


30917.897 

1618.1 

A.O. 

2 

^4"i 

30917.897 

1618.1 

1620.8 

2 

6a^9aJ 

30926.682 

1626.9 

1627.2 

1 


30935.428 

1635.7 

1636.8 

5 

®"o 

30938.996 

1639.2 

A.0. 

4 


31002.956 

1703.2 

1705.3 

0.5 


31058.918 

1759.2 

1757.0 

0.8 

laJlSa’ 

31081.571 

1781.8 

1780.2 

3 


31085.924 

1786.2 

1786.3 

2 

^44 

31094.816 

1795.1 

1796.7 

14 


31102.620 

1802.2 

1807.7 

2 

^4'’4 

31133.358 

1833.6 

1833.1 

5 


31156.403 

1856.7 

1857.6 

7 


31175.135 

1875.4 

1877.5 

5 

4^4 

31182.930 

18^.2 

1884.5 

1 

’’ 4^4 

31187.887 

1888.1 

1886.9 

2 





15 ? 


Assigoment 


Erequenoy 




Observed 


Calculated* 


1 1 
■’Vo 

31200.015 

1900.3 

1902.7 

10 

18bJl9bJ 

51207.364 

1907.6 

1904.0 

2 

V^O 

31237.457 

1937.7 

1935.5 

4 

■’o^^^o 

31237.457 

1937.7 

1940.1 

4 

2 1 
^o-’^i 

31237.457 

1937.7 

1940.6 

4 

19aJl8bJ 

31245.990 

1946.2 

1943.3 

5 

l2 

0 

31254.649 

1954.9 

1956.6 

6 

64'5'‘J 

31286.771 

1987.0 

1990.1 

5 

1^15^ 

*0 0 

31316.465 

2016.7 

2018.5 

5 

18aj9bj 

31322.432 

2022.7 

2020.9 

3 


31332.745 

2233.0 

2254.2 

2 

ISa’etJ 

31341.753 

2042.0 

2043.9 

4 


31350.665 

2050.9 

2046.1 

4 


31358.974 

2059.2 

2060.4 

2 

ISa^SaJ 

31375.283 

2075.5 

2078.9 

2 

ISb’sb’ 

31385.052 

2085.3 

2081.4 

3 


31392.929 

2093.2 

2095.4 

4 

’2j«o 

31411.037 

2111.3 

2112.1 

8 





154 


, - J."*" -rv- A V ( enj ) 

Assignment Erequencg?- I 

Observed Calculated* 

l<sa ; 


9”? 

31420.620 

2120.9 

2118.2 

3 


31427.407 

2127.7 

2128.2 

0.5 


31437.375 

2137.6 

2141.4 

0.9 


31441.924 

2142.2 

2143.2 

7 


31516.093 

2216.3 

2212.3 

1 


31532.764 

2233.0 

2234.0 

1 


31552.780 

2253.0 

2255.5 

2 

1 1 
12olS 

31561.514 

2261.8 

2259.1 

1 

1 ^14"* 

‘ 0 0 

31569.506 

2269.8 

2272.0 

10 

1 ^Is} ^^l^^ 

'g %'o ^0 

31598.995 

2299.2 

2301.3 

12 

^^0«o 

31664.628 

2364.9 

2363.2 

2 

1 1 

3 14 
-^0 0 

31674.408 

2374.7 

2377.9 

2 


31707.273 

2407.5 

2407.3 

0.5 


31708.924 

2409.2 

2410.8 

1 

12^ 

31753.005 

2453.3 

2455.2 

6 

194'5o 

31818.281 

2518.5 

2520.2 

4 


31859.871 

2560.1 

2564.3 

2 

ISaJsaJ 

31901,958 

2602.2 

^01.0 

2 



155 


Assigoment 

Erequency 

Observed 

1 — 

Calculated* 

I 

12^1 ^ 

*00 

31912.383 

2612.6 

2615.1 

3 


31920.351 

2620.6 

2616.7 

4 

’’^0 

31944.378, 

2644.6 

2646.0 

4 


31972.985 

2673.2 

2677.2 

3 

®4'5j 

31972.985 

2673.2 

2679.4 

3 


32054.382 

2754.6 

2756.3 

4 


32071.951 

2772.2 

2773.7 

. 9 

W^O 

32177.985 

2878.2 

2881.4 

6 


32227.560 

2927.8 

2932.9 

1 


52235.864 

2936.1 

2934.9 

1 


32258.053 

2958.3 

2962.2 

0.5 

19a= 

32263.243 

2963.5 

2960 

0.5 


32312.075 

3012.3 

3015.7 

0.8 

19bj8b1 

32356.167 

3056.4 

3058.8 

5 

7»J 

32369.498 

3069.7 

A.O. 

2 

19^K 

52399.786 

3100.0 

3098.1 

1 

20bJ 

32409.536 

3109.8 

A.O. 

2 





Av ( ga ^ ) 


issigument 

Erequency 

(cm”‘b 

Observed 

Calculated* 

I 


32412.089 

3112.3 

A.O. 

3 

2o 

32427.271 

3127.5 

i,.o. 

4 

20aJ 

32503.399 

3203.6 

A.O. 

1 


32509.293 

3209.5 

3209.9 

1 


32572.557 

3272.8 

3273.6 

1 


32577.994 

3278.2 

3274.4 

2 

®“o 

32577.994 

3278.2 

3278.4 

2 


32597.793 

3298.0 

3293.3 

1 

O 2_1 

9 a ^3,-., 

w U 

32620.063 

3320.3 

3318.5 

1 

3 1 

ISa^IBb^ 

U u 

32643.293 

3343.5 

3348.7 

2 

18abl 

0 u 

32665.793 

3366.7 

3364.3 

1 

3 1 

I8a'l6a‘ 

0 0 

32692.096 

3592.3 

3395.5 

i 

2 1 
‘7%''2o 

32760.063 

3460.3 

3464.4 

2 

2 1 

9a^l4Q 

32827.183 

3527.4 

3527.4 

3 


+ 111 the measured baads iUTOlving planar modes are given in this 
table. (Ehe four main sequences involving out of planar modes ( 11, 
lSa,16b and 17a) have also been given as the sequence stiucture has 
been one of the diagaostic features to identic liie leadijag flmdamaatal 
modes. 

* Itequencies have been calculated from the observed fundamentals in 
the electronic spectra. 


A.Oi As observed t 
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Fig.i;a) Microphotometcr tmcc,. cf high resolution eiectronic 
spcclrum of Pyndinc N-oxide (Typical Be-typc 
c'"ntours in a omciil reg'on near 0-0 (origin)). 



Fig. 1 (b) MicropPolcmctcr traces of high resolution electronic 


spectrum of Pyridine N-oxide ( Typical Ae" type contours on 
longer wavelength side of 3 q band 



158 


Ci5 



■: (2i)DDS JDauiDasuoqJosqv ' 


s... . ■ 

pf • jaauoqissq V 


£ 

u 


,>^:' 

U 

■■ C: 
1^' '■ 

3 

' cr 

'C9 


C 

;>/, 


.,C^ 

:a 


IJ 

X c5 

O 

|.. - 

2 O 

'■ ^ ' ■ Cf 

C 'S^ 

i kiw >»w , 

S >, 

i— ' : .*13? 

^ U) 

Q_ G 

^ «b) 


a 

o 


t/) 

o 

l_ 

Q- 

T3 

C 

o 

JD 

■D 

<S> 

u. 

o 


Ci> 

J~ 


TJ 

C 

a 

to 

-i£ 

o 

Ci) 

Q. 

JI 

u 

c 

a 

i_ 

n 


ty 

H] cc 


o 

JZ 

Q. 


U 

c 

o 


kKl-l ‘ 




:3 O 

o 

Cl o. 

a 

> o 


CM 

■ cn 


X 


C9 

m 


C9 

3 ’ 

,5^ 




0-660e 


9190e 


o•^9oe 


9‘9Y0e 


9'9eoe 


900e 


: 0 -‘' ■^=: 




jD0un)33NV9 



WW 


Ot'OE 


Olt't 


The argon-ion laser excited Raman spectrum of Pyridine N-oxide in its 
internal mode region using a spex -1400 double monochromator (22) and 
cary-82 spectrophotometer for CH - stretching region . 
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Sequences and Cross- sequences Connecting 
09 Fundamentals of Pyridine N-oxide- 







Fig.. 3.6 (b) 
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Fig. 3. 8 Far -infrared spectrum of Pyridine N-oxide in a 
polythene pellet in the range 33- 525 cm~’. 

(The portion between 33 -180 cm' is replotted in a linear 
absorbance scale). 
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TIBBAUOM SISCiaA Qg a-,B- , AITI) y -PIGOIIICES 
ABSIBAOI 

Accurate vibrainLonal frequencies for gas phase a-, 

6-, and Y -pi CO lines have been deduced on the basis of 
infrared batid-contoiir analysis. Supplementary information 
from gas phase eleotronic spectra’^' Raman data (liquid) and 
infrared spectra of liquid and solid (Ml) phases, have 
also been used. Preliioinary normal coordinate analysis 
results are given. She vapour phase frequencies have latter 
been used (Chapter TE) to deduce the thormo dynami c constants 
for the compounds. 



177 


4.0 IITIEODUGglOl 

Hie study of the "piteational spectra of motliyl 
substituted pyridines have attracted considerable interest in 
tbe past on account of tbeir intrinsic interest as important 
biological compounds. 

Structural informations concerning the ground state 
of ct-, g-, and Y-picolines are available on the basis of 
infrared (l— 18) Eaman (19—22), low resolution electronic 
spectra (23-25) and other studies (26-29) of tlio compomids. 

Hie vapour phase Raman spectra for the compounds under present 
investigation and microwave data for a-, and g-picolines 
are not available in the literature. However, tho microwave 
data are available for y -picoline (29). Hie vibrational 
assignments for the compounds are not. coherent (7, 10) and 
most of the assignments, below 700 cm , have boon proposed 
on iho basis of liquid phase spectra, Thus tho assignment 
of the bands arc not very reliable. 

Hie re fore the aim of the present iiivostigation is many 
fold; to report infrarod spectra in vapour liquid and solid 
phases (lilT) of a-', 6—, and Y*-pico lines, and also to make iiie 

detailed interpretation of the vibrational frequencies using 
their well resolved band contours. Hiia is helpful in 
confirming or mcdifjTing the earlier assignments. further we 
wish to examine the transferability of the force constants 
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in various situations, and to calculate the vibrational frequen- 
ciGs of the molecules utilizing the Uroy-3radley force constants 
( 30 ). Qiicso constants hav3 boon known 'uu be moderately trans- 
ferable between chemically different molecules (31,32) especi- 
ally if 'Hie substituents suirrotinding tlio appropihato coordinate 
are exactly identical (33), and wore used to estimate the 
frequencies ^ ■ 

4 . 1 EXEEBIMliJ, 

!IIhe samples for a—, g and y -Pico linos were 
obtained from Massrs E. Iferck and British Drug house. All 
the samples wore dehydrated by refluxing over potassium 
hydroxide pellets/ and then ptirifiod carefully by triple 
distillation imder vacuum. In each subsequent distillation 
the middle fraction of the earlier distillate was used. [Ehe 
infrared spectra of vapour, liquid and solid states wore 
recorded using P.E. 521 double beam infrared spectrophotometer. 

The spectra, of va,pours at various presv’-os and path lengths 

-1 

wore measured over the frequency range 250 — 4 OOO cm at 
ambient temperature uising a 10 meter vcrla,ble path multiple 

reflection cell. 2o observe the distinct features in the 

-1 

spectra the scale factor was adjusted to give 1 cm equal 
to one division on the recording chart paper. Continuous 
dry air was flushed into the spectrophotometer to eliminate 
the water bands. ‘Ihe liquid phase spectra of a -,' 0-, and 
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Y-picolines v/ere recorded using fixed cells of iiiiclaiess .025mm 
and 0.5 mm GsBr and NaCl v;indows . The solid pliase 

spectra, of Hic compounds were recorded using the low temperature 
cell. Care was talien to deposit a uniform, tiiin crystalline 
film of the sample (from tiie va-cunm systea) onto the GsBr plate 
in the cold— finger to ohtain a good spaotrum. Hiis was 
achieved by repeating the process of deposition several times. 

Iho frequency accuracy for the vapour phase spectrum for 

-1 

the sharp bands may be talcen to be better, than +0.5 cm and 

*•' — 1 ' 

for liquid and solid phases about +. -.^E.cm. . 

4.2 SBIBGlIOh RUIES MID KOMIOhS 

Regarding the CH, group as a single substituent ‘Z* , 
the compounds a-^’ 6-',' and y-pico lines have the same 

symmetries as the ortho, meta. and par a-di— substituted benzenes', 
respectively (6). !Ehe ring CH vibrations of these samples 
are the same as those for disubstituted benzenes. Ehe a-', and 
S-, picolinos well still have strictly Cs symmetry. However 
a non-rigid y— pioolino may bo regarded as having 02 ,^ symmetry 
and this greatly aids the correlation with pjrridine IT-oxide 
discussed in diapter III. 'Ihc modes of the benzene ring 
vibrations are essentially the same in a substituted benzene 
or pyridine as in benzene itself, so the tmi vers ally accop -ted 
system of numbering the benzene vibrations (34) can bo used 

Ihis numbering scheme has been 


without modification 
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follov/ed for a— V S-',' and y-picolines. (Ehc description 
of the substituent -vibrations (CH^ group) has been givT3n as 
such and are not allocated any -vibrational n-unbor. * 

Iho fimdanental frequencies of T-?icoline can be di-vided 
into three parts: If v;e removt) the CH^ group froni y-po si "felon 
of pyridine ring,’ "the 24 f-undanental nodes of y -pyridyl can 
be classifiod as 9^ + Sb^ + ^‘‘^sult of 

substitution of CH^ group in -ttio y-position, 12 nexv nodes 
will appear. Three of these nay bo considered as belonging to 
rigid ne-thyl group ha-ving -tlie mass 15, substituted for the 
Y -hydrogen of pyridine’, and classifiod a,s * 

The other nine modes will appear fron the internal motions 
of the methyl group and are classifiod as 2a^ + 5b^ • 

Thus the 36 fundamental modes of y— Picoline are classified as 
1 2_a^+ 1 Sbg + + 4^2 • 

Tlio classification of -vibrations for &-picolines 

can bo made only -under 0^ point group, e-von if a non-rigid 
CHj group is ass-umed. Therefore tlio 12a- + I2b2 modes vd.ll 
belong to 24a-’ species and likewise 8b.^ + 40-2 modes classified 
in the second para abo-vo will belong to 12a” species. Howo-ver',' 
to proser-vo the uniformity of descrip-feion and assuming that 
pyridyl radical and CH^ group -would largely retain their 
identities in different compounds we ha-ve used the nota-felons 
described in -the first paragraph in section 4.2. 
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The selection rules for all the ring modes in the 
infrared spectra for isolated vapour phase Ggy molecules 
are sunmorrised aad discussed in Chapter III (cf* Table 3.1). 

For the molecules belonging to Os point group', the 0,2 modes 
can also appear in the infrared vapour phase spectra a,s 
C— type band contours. 

4.3 VimomG MAJuYSIS 

The infrared ahsorption spectra of a-, g-'j,' and y- 

picolines in vapour,' liquid and solid (liKfT) phases in the range 

—1 

25O-4OOO cm are shown in ligures 4 .I to 4*9. Typical A-, 

B~'^ and C-type vapour phase infrared band contours for the 
compounds have been replotted and shown in Figures 4.3’» 4*6 and 
4 . 9 ; where knowledge of isolated bands has been used to resolve 
the overlapping bands. All the observed infrared bands of these 
compounds in the three phases vapour^ liquid and solid (at IMT) 
along with the available liquid phase Eaman bands (19', 20) have 
been listed in columns 2',' 4',’ 5 and 6 respectively',' of tables 
4.1 to 4.3. The interpretation of the observed frequencies 
along with the probable assignments to different modes has be en 
given in column 7 of the tables. Numbering of the fundamental 
modes has been done according to the scheme described by 
B.B. Wilson (34) and has been given in column 2 along with their 
approximate description given in column 3 of Table 4*4 for 
a-, e-7 and y-picolines. The internal modes of the 
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substitutod GH^ group have also bern given in Table 4.4 i,7ith 
tboir syticiotry species (under iiie approclnation discussed in 
section 4*2). 

4.31 THE IITERiHSD BjJID CDITTOTJRS 

Yapour phase ir absorption. spectra of a-, 3—, and 

-1 

Y -pi CO lines in the range 250~3150 cn are shorn in ihgures 

-1 

4«1j 4»4 and 4«7» The 2 ?ogion beyond 3150 cn has been onitted 
because it does not contain proiainent bands. In some of 1he 
bands the contour is quite distinct and the positions of P','Q 
and R branches (written at the top of each replotted band) 
are di 2 ?octly readable in the spectrum. However,' when tv/o or 
more bands overlap, the experimental intensity contour has been 
analysed graphically. ReprosentG.tivo cases of such grji)hical 
analysis are indicated by dotted linos in the above igures. 

In most cases the characteristic vapour pha.so ir band envalopes 
and group theoretical considerations and comparison v;itli electro- 
nic spectrnm (23) have sufficed in maxing assignments and also 
in decomposing the overlapping bands into A-, 3-, or .0— typos. 

In some cases this method of decomposition was not effective 
because of inlieront complex nature of the bonds and also due 
to excessive overlapping of different bands. The A— B-j' said 
G-type vapour phase infrared band contours are the primary 
sources for ascertaining tao a^ , b^ and b^ modes in a-, e-p 
and Y— picolines some of the modes listed in tables 
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4.1 to 4.4 also shox? C-type land contours especially iner-, and 
p — picolines ; ovidentlj’' due to relanation of selection rules 

(tiio actua-l synno try being Cs). • 

Eie cbser'ved P,Q, and R positions of infrared vapour phase 
hands of the picolinos are given in Tahlos 4-1 to 4.3. For 

A— and G— type hands^' l’jQ» snd R represent the peaks positions 
of the corresponding vibration-rotation branches. Ror B-type 
bands the dip botv/een the P and R branches is given in parentheses 
and 2?e presents iho position of Q-head. Ihe other synbcls ha.ve 
their usual meanings. Ihe observed separation between peak 
position of P and R branches',' value s^ are sho\m in column 

3 of tables 4*1 to 4.3-» ihe observed band positions in ir 
spectra in liquid states are given in colum 4 of "tiie tables. 

Most of frequencies used in column 7 of the above tables for iiie 
interpretation of the observed bands are taken from the vapotir 
phase infrared data of the present v/ork. In some cases', where 
contour is not distinct in vapour phanc, liquid jliase data have 
been used for the interpretation. 

She relative Q-branch intensity (^q/^giotai^ 

A-',' and G-type bands has been estimated using semi empirical 
relation (35'j36) and given at the top of oaeh contour along 
wi-Si the peak positions. Ohere is satisfactory agreement 
between the observed and computed values 0 f and 

within the experimental limitations. Ihe computed rotational 
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par ajac tors along \7itl1 the calculated values are. given in 

Tallo 4*5. 

4.4 TOBRilHOilS 

Hie assignuents of tirio fuadaoiontal vibrations of a-,' 
and Y--picolinos have boon node on the basis of infrared 
data obtained in iiio present study and conpared with liio earlier 
results. As picolincs have hi^or nolocular woi^t, and 
complex structure tlian those for pyridine H-oxide (PjOj’ dis- 
cussed in Chapter III)', the correlation between molecular 
structure and principle absorption is not very simple. fhe 
spectra of a-',' P-,' and Y-picolines opdiibit a multiplicity 

of bands in comparison ?;ith the spectra of simpler molecules 
like PyO (37-39)',' phenol (4O-42) aad chlorobenzene (43',44). 

(The distinct bands have carefully boon isolated and assigned 
to the respective modes. !Eho striking features in iho infrared 
spectra', the vibrational frequencies whose assignments have 
boon changed and the assignments of the infrared vapour phase 
ino-ctivo vibrations have boon discussed in the following pa^s. 

4.41 Ttm ^ Bimijmi'iA'L mms 

Iho observed totally symmetric a^ modes for the vapour 
phase a-,' B - and Y-picoline molecules are given in column 
4', 6 and 8 respectively of fable 4.4. Ihe computed values of 
the frequencies for different modes j based on nomal ccordinate 
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ejial3''sis arc listed in coliions 5* 7 and 9 for rosjKJcti've nole— 
culos. . It nay bo noted fron tfcie ^ectra given in Hguros 
4*1j 4»3', 4»4> 4*6 and 4»Tj 4»9, "tiiat nest of the vibrations 
belonging to ^ node o.ppoer as A-type bands for picclines. 

In some co,scs grapiiical intensity resolntion noliiod was used 

to isolate the bands. S3io ansignnonts of a-j ftindar.ionta.1 

-1 

modes below 1600 on are well snioported by liquid plia.se Ranan 

bands given in la.blos 4*1 to 4*3. The msiganents of tbo 

vibra,tionajL freqijioncies for Y—picolino arc also confimed by 

the reported Hainan depolarization ratio (4)» Iho node 18a of 

ct— picoline is weai in vajpowr pliaso, but strong in liquid and 

solid phase IE spectra. Hie CH stretching nodes are not well 

resolved in the vapour phase infrared spectra and, the 

bands were isolated graphically. Such bands are loca-ted a,t 

2940,0, 3024, and 3076.0 for «-picoliiiG and at 2971, 3006 .O', 

-1 

3069*0 and 2941 .0, 30 22. O', 3100 on for 3-., and 
rospectivclj-, She assignments of tlie bands and their approxi— 
mate descriptions are given in colunns 2 and 3 of lable 4.4« 

Ihc CIT and 00 stretching nodes 19^ and 8a are strongest 
in all the throe pi co lines. Ihe shift in frequency for ring 

breathing node 1 in ci 3-, and T-picolines is due to 
substitution of GH^ group at different positions in pyridine 
ring with respect to the nitrogen a,ton. !I!he A-type . infrared 
bands below 700 cm'"'* have not be en observed earlier (477','10) 
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and iiie x-scnsitive node Sa laas "boen left massi^ed (10 ) for 
and Y-picolines. (Soo also taidor section 4 *43 for lew 
lying a,-j 011112 Co.*) ftaidaxientals fron oloctronic spectral 
studies.) liq^iid pliasc infrared frccuoncies wore used for the 
assignnents of ctiior a.j nodes. Ho wo to r, the node 6 a is st2X)ng 

7ri.th characteristic A-type shape for o-, and y-picolines, 

—1 —1 

ohserTOd at 545 *5, and 513*0 cn and tiiis node is at 534*0 cm 

for S-picolino with weak intensity. inother x-sensitive 

-1 

node 7a at 1297 cn representing C-X stretching frequency 

(v/liere Z repi^esents the C5H^ group) v/as reported e cr lier (l0) 

as h2 f'undanental for a~picoline. HowoTerj strong-_A-type 

^ -1 

infrared vapour phase hand has appeared a,t 1297*0 cn and has 
hoon assigned to the node 7a. fhe internal nodes of substituted 
CH^ group having choracterLstic shapes denoting aHCH and vCH 
frequencies for pioolines have also been given in Table 4.4* 

Iho conputed values of i'-pE for A( 1 i )-typo band using the 

—1 

relation discussed earlier (357'36)‘, are I4.8, 14*2 and 13*7 cm 
for respective ~i-, 5-, and y -pice linos given in Table 4,5. 

These are in good a,grecment with tlio observed va,luos. 

4.42 THl bg miHhilElTAL mmBi 

OliG typical shapes of B(U -band contours of « 
and y-picolines aro shown in Hgures 4*1 4*3i . 4*4, 4*6 
and 4*7, 4*9; respectively. The observed frequencies of 
b 2 nodes havs been given in eolums 4'i'6 and 8 of Table 4.4 
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for respective picolines. In airiest a.11 the 'borLcls 

(except fer sene hyBrio. character as in 632.5 cn ‘brncl 
of g— picoline) tiicre is no Q-trcncli ~x.O 'Sie iip 'betivsen Y 
end E tranclics in qnits clicZ- -c tori e tic . iiie ring dofemation 

Diode 6B h.CiS appeared loith cliorocteristic shape e.t 
632.2 end ' 67G .0 ctTi ‘ for ■' j.-j G-, end y-picelines respecti~ 

voly end hes been observed fer tlie first tine. Inforne.ticn 
about Hiis rioda nay be nore reliable fror. cloctrciiic spectral 
studies ( 23 } (see section 4.. 43}, Sie node 6b is nediun 


strong in vapour phase infrared spectra, for and 3-picolines, 

but very woeh for Y-rieiline. Honover, this node is strong 
in liquid and solid phases for all the -Eiree pi co lines. lEhe 
o'Qier b^ fundariente,! modes given in Treble 4.4 have shewn 
recognisable contours except the CH stretching modes, which 
have been resolved graphica.lly . She Z-sensitive mode 18b 
in and v-picolines is overlE,pped by y^a-ter bands and 

could net be isol.atod in vapour phase infrared spectra. Ihe 
liquid phase infrared frequencies have been used for iiie 
assignment , of node 18b for and y-, pice lines (However 

see section 4*43 )• Ihe nodes 15 and 8b of -r -pic 0 line 
have appeared in solid phase as a, result of splittings of 
liquid- phase bands given in Taile 4.3* Ihe internal modes 
of OH^ substituent having tiie. char’anteris-bic B-type bands . ■ 

and denoting the aPiCH and vCH stretching frequencies for the 
picolines have also been given in I'able 4.4« Ihe computed 
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va.lnGs of for B(l)-t37pG bands arc 11.6, 11.1 and 

10.9 on ‘ for the respeotivo a-, and y-pico lines. 

[Ehore is a, satisfactory agrooneiit between the observed and 
conputod values witliin the oxpcrinental limito,tions. 

4*43 Ihc and bg Ivfcdes from Eloctronic Spoctro.l Studies. 

•Tri o . vapoizr phase elcctror-ic spectra provide occurate 
anal3rsis of lo77-l3ring ground state frequencies from the 
observed hot bands; and sequence and cross-soquoncG structure 
observed in such transitions (38-44). Althou^ no such 
detailed analysis is available for pi co lines, from the 
reported data of Rush and Sponor (23), o,dditional oxcollont 
corroborative evidence is obtained for throe low lying 
frequencies in a- and B-picolines and 4 bands in case 
of Y-iDicolines. Ihoso frequencies obtained from an analysis 
of 287.7 nm band system of a-picolino', 288.2 nn band system 
of ^-pi CO line and 284*3 nm band system of f -pi coline may 
provide a comparison vith the detailed analysis of lyridino— 
^v-03d.de discussed in CShapter III. Eie 2b2 modes given in 
table 4.4 for y pic 0 line have larger ijoicertainty than 

expected and may point error in locating the exact band 

-1 

origin from IE studios for these bands. -.376 cm in 

' — 1 

Table 4.4 from liquid phase ir and 678 cm is from very 
wo ah vapour phase infhored spectra. Hence for these low 
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lying froquoncios olcctix)nic data should ho norc accurate 
and roliahlo, except for hand origin difforoncoG as no 
g 3 T?oa-ihronic analysis is avsilahlo at present. 

4«44 Iho h^ Fimdanental Ilodes 

Cut of 8 rihratiens of h^ class, there are Z 
recognized Tapour phase C-type hand contours for a-picoline 
and 4 for each e and y - pice lines in the voopour pha-se 
infrared spectra ^ven in iigs. 4«1, 4.3, 4*5, 4*7 and 4*9. 
liquid pha.se Ila,nan frequencies (l9,20) have heon used to 

assign the lowest h-j fundamental mode 11. The hand at 

-1 ’ -1 

796.0 on and a overlapped A- type hand at 801 cn in' 

vapour phase III spectra of Y-piccline was assigned earlier 

(8) as a-j and h.j nodes, however, a clc-arcut G-type hand at 
1 ' 

801 .0 cn has hoon ohserved in vapom: phase infrared spectra 
and hence there is no ambiguity ' in their a,ssignnents as the 
nodes lOh and respectively. In all the 0.— typo hands, 
which have teen assigned as h.j nodes, the Q-hranch is 
proninont and their P and A wings are char ac tori s tic a,lly 
hroai. All the h^ fundamental nodes, including the intcmal 
nodo of CH^ group ha.vo hoon Hsted in Table 4.4« Out of plane 
CH stretching froquoncios at 2968.0, 297'^ *0, and 2938.0 cm 
have te en assigned as h.j nodes for a-, 6 and y— picolines 
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rospoctivcly, 210 oiiicr intomal nodes of GH^ group of 
class correspond to tho v/agging riodo of CH^ group and asynnotric 
HOH angle defornr.tion for tho pace linos iia.ro Icon giroii in 

lahle 4*4» 2hc calcula.ted vo,luc of for a-, 3-, and 

~1 

Y-pico linos arc 22.2, 21. 4, and 20,5 on respoctivoly. In 

all -(iic distinct C-tyoc hands the ohserTOd values of enro 

-1 

wiiiiin + 1 .0 cn , 


4.45 2E2 ag FUlTlAIElTIi.! WIBS 


2 ig vibrational fregucncics holonging to 0-2 class 

arc listed in lablo 4.4» As the picolines ha.ve strictly Gs 

synnetryV sone of the C-tyno bands have rAso boon assigned to 

the ^2 nodes. Eho nodes 16a and 17a have boon assigned on 

the bonis of va.pour phase G —type band ccntcirrs a,t 401*0 and 

9,30.0 cn’"'^ for a-picolinc. liguid and solid pliase 

infrared bands given in lablc 4.4 have boon used for iiio 

assignment of ether a-g Eiodos of c;-, 3-, and y -picolines. 

— 1 

GH^ group torsion frequency lies at <125 cn (12) for Hie 
picolines. 

SO UP Ydi sn imjjoi sisciba 

[Eho solid phase infrared spectral data for a-, 6-, 
and Y-picelines have also boon given in lablos 4*1 to _4. 3 for 
conporisonyvith those for liquid and vapom plic-se data. 2ie '- 
sharpening of the bands has boon observed for solid picolines 



\ 7 iiili respect to liquid and vapour piia,ses (of ligs 4*2, 4*5 
and 4»8). Changes in peak positions in some of the bands 
have been observed, end few new bands anpesred in the spectra 

of pure solid state which were helpful in assignment .of some 

'■ -1 
ambiguous bands. In Y-picoline, a bend at 1605 cm in 

-1 

liquid phase was splitted at nil in 1607.0 and 15780 cm 

and the so have te eii assigned as 1he modes 8a and 8b. Similarly, 

the liquid phase band at 1068.0 of .Y-picolino v;a,s splitted 

and siiiftod to 1094*0 and 1078.0 cm*”"' a.t nil. A new woalt 

~1 

band at 1115 cm in a-picciine and medium strong band 

1171.0 in 6-picolino were also observed at IhT. The most 

—1 

strong band at 800 om in liquid phono of y -pi go line ?^as 

_i 

Splitted in 816.0 and 802.0 cm with strong intensity. A 
tentative interprota,tion of the new bends and splitted liquid . 
phase bands for picolincs have been given in Tables 4*1 to 4«3. 
iSaosc new bands maj' bo due to distortion of rings in the 
orysttals, and lo-- frequency linos arc nrobably due to small 
group of molecuilos present in iho crystsus (19). 

y IAGUh:jl /^.STRY 

IlSie rotational constants of y— picolino are known from 
miGrowavc spectral analysis (29). Hov/ei’cr, no microwa,ve data 
wore available in literature for a-, and P -pi oo lines, and -tiiG 
rotational constants for these molecules han^m been theoretically 
ccl-culated. Ibr t -picolino it was suggested earlier (29) 
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■Hiat tlie nieiiiyl group has sjnnmotry, whereas the molecule 

as a T7hLole lias symmetry. JLssumLiig a planar ring with 

the bond lengths and bvond angles of pyridine molecule (45) 
and considering Clh;; gro-oe:- as having symmetry, the most 
proba,ble and Bimplost geometry has been proposed and the 
rotationa.l constants for a-, p-, and y-pico lines are 

calculated and given in la,blo 4,6 and 4*7 • fhe coordinates 
of allatoms of picoliiies ?;ith respeot to the origin (0,0,0) 
at atom are illustrated in figs. 4*10, and 4 . 11 as computed 
on IBM 7044 computer. Hlhe computed parameters given in 
lable 4.5 are corresponding to the best fit of the observed 
rotational constants (29) and rotational parameters. 

4*7 IHB0E5IIC AL GAlCb~X/J}IO h OF FiIEDAMIAli liDBES 

The normal coordinate calculation was carried out using 
Wilson’s G—B ms-tris: method (46,47)« Eiese calculations have 
been performed on IBM 7044 using the program used earlier by 
Schachtselmeider et al (48). (Hie program is set up in internal 
displacement coordinates and is similar to that a>.dopted by 
Overend and Scherer (49). Iho program is desigaed to determine 
the Cartesian coordinates and to evaluate the numerical values 
of tile G and Z matrices. Ihe normal nodes of vibration, the 
L~column vectors, iiie ESI) among pthe diagonal elements of E 
matrix, the carte si sn di placements of individual atoms for 
each mode, the moan square aE 5 )litude of individunl atoms for 
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ea.cli node and mean amplitude for atoms summed over all nomal 
modes are obtained in tabulated form. Ta^ble 4-. 7 gives the 
definition of internal coordinates. Olie computed frequencies 
are given in Sable 4.4 for <x—j p—y snd —pico lines. A 
simplified UB 5 f comprising of force constants transferred from 
benzene (48) and chlorobenzene ( 49 ) is set up. During calcular- 
tions, minor aad systematic alternations in stretching, bending, 
wagging, aP^d torsional force constants have been made in order 
to fit the observed frequencies of picolines. A set of force 
constmts which yields the best frequency fit for the vibrations 
of the molecules tmder study is given in lable 4.8. 
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lABIS 4>1 

OBSffl?ED lOSIIIO^. IS SBgARAHOHS iHI> IggEagKSffiAglOHS 3IT ZUgEiBB) 

B^ OOillOgRS 01 g-riOOLIHE 



Infrared Band lositions 


Eanon : " • ■ 

, (^^) laterpreta- 

tion 


no* 



BggM 

Solid 

nicity 


CHI) 

'"'IR 

iSI 


(hi) 

1 

2 

3 

4 

5 

6 7 

8 

1 

- 

•m 

mm 

- 

213 11 


2 

- 

- 

322 w 




3 

4 

352 P 

(358) (b) 

363 E 

11 

332 w 

359 ms 

361 

366 

(11)(t )=33a 

% 

18b 

6 

5 

387 P 

401 Q (g) 

410 E 

21 

403 s 

402 

t6a 


6 



416 W 

406 

( 11 ) 2=426 

10 

7 

468,5 Q (O) 
4ia.o E 


"'466- S"’'"' 

468’ • 

16b ■ 



538,0 P 

- 545»^5-J^ ( 4 ) « - 

*. -»* -1*^ * ■» 

4 r: , ' 

i ^-v 4 ’ 



^5 m 

I' wj ‘ 

-.- 547 , 

542 6a- ■ 


9 ... 

-68S * 

(633) - (B) 

638 E 

ta- 

.626-5 

. ...626 . 

630 6b 

; 

10 

692 P 
(697) (b) 

70e S 

ll 


- 

■(ll)(l6b)=68t 


11 

125 P 

735 Q (a) 

73e E 

14 

725 S 

730 

12 
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f 2 3 4 5 6 7 8 


740.5 P 

12 751.5 Q (C) 

761.0 H 

20.5 

751 Ts 

759 

771 

4 

(lOgClSb) = 787 

13 

- 

797 W 

801 ms 

810 100 ,( 163)2 = 802 

14 

- 

884 W 

893 

17b, 10a 

924.0 P 

15 ( 930 . 0 ) (b) ? 

11 



17 a 


935.0 E 

969.0 E 

16 976.0 Q (a) 14 974 mw 979 1 

984. Q E 


993.0 P 


17 ( 999 ) (b) 

1005.0 E 

12 

999 ms 

1004 

998 

(I8b)(6b) = 991 

1026.0 P 

IS 1032.0 Q (a) 

1039.0 R 

13 

1^37 sh 

1037 s 


18a 

1045.0 P 

19 ( 1050 . 5 ) (b) 

1056.0 E 

11 

1047 sh 

1042 

1051 

15 

1096.0 P 

20 ( 1103 . 0 ) (b) 

1108.0 E 

12 

1095 nw 

1100 


aHGH(OI^groap) 

(I8b)(l2) = 1095 

21 - 


- 

1115 


( 63)2 

1140.0 P 

22 1147.5 Q (a) 

14.5 

1145 s 

1149 


9 a 


1154.5 E 

1187.0 P 

23(1193.0) (b) 12 

1199.0 R 


(I6a) (lOfa) = 1198 


5 
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1 

2 

3 

4 

5 

6 

7 i 

3 

24 

1231.0 P 

1238.0 Q (b) 

1243.0 H 

12 

- 

- 

1239 

3 


25 

1238.0 P 

1245.0 Q (a) 

1252.0 E 

14 

1234 m 

1242 


(ll) (I8a) =1245 

0 

26 

12^.0 P 
1297.0 Q (a) 
1303.5 R 

14.5 

1291 

1295 

1298 

7a, (l6a) (lOa) 

= 1285 

12 

27 

1349.0 P 

1354.0 Q (b) 

1362.0 R 

13 

- 

- 

- 

14. 


28 

1374.0 P 

1382.0 Q (a) 

1388.0 E 

14 

1378_ms 

1378 

1380 

«(HGH(c^ group) 


29 

1430.0 P 

(1435.0) (b) 

1442.0 E 

12 

1431 ins 

1425 


19b 


30 

- 

- 

1453 nis 

1455 


(l8b)(“HS)a1461 
aHGH(GHj group) 

3 

31 

1471.0 P 

1477.0 Q (a) 

1486.0 E 

15 

1481 

1484 


19a, ( 12)2 = 1470 

..7 

32 

- 

- 

1541 w 

1543 


( 4 ) ( 10 b) = 1548.5 

7.5 

33 

- 

- 

1570 s 

1570 

1571 

8b, (6a) (l8a) 

= 1577.5 

7.5 

34 

1585 P 
(1594 )q (a) 
1600 E 

15 

1587 s 

1587 

1595 

8a 


35 

1598.0 P 

(1603.0) (b) 

1610.0 R 

*12 

1597 s 

1598 


(6a) ( 15 ) =1596 

-7 

36 


- 

1680 ms*1677 


( 4 ) ( 17a) =1681 
(lOa) (I7a)=t7t4 

1 

-1 





20Q 


1 

2 

3 

4 5 6 

7 

8 





(10a}t17a}=1714 

-1 

37 



1715 m* 1702 

(12)(1) «1711 

-4 





(I8b)(l4) = 1712 

-3 

38 


’mm 

1775 ms* 1783 

(12)( 18a >=1767 

-8 





(lOa)^ =1768 

~7 

39 



1798 w* 1801 

(I8b) (19b )= 1793 

-5 

40 

- 

- 

1847 m* - 

(aHCH)(l2) = 1838 

S 

41 



1874 ms* - 

(12) (9a) = 1882 

-8 





(6b)(3) = 1871 

-3 

42 

-T 

- 

1922 ms* 1924 

(l8bX8b) = 1928 

6 

43 

- 

- 

1949 ms* - 

(1 = 1952 

3 

44 


w/m 

2032 m* ~ 

(l2)(7a) = 2032 

0 





(6a)(l9a)= 2022 

-10 

45 

- 

- 

2097 ^ - 

(7a)(l0b)= 2094 

-5 

46 


- 

2152 mw* 

(l5)(aHCH)t:2l53 

1 

47 

- 

- 

2173 w* 

(I8a)(9a)= 2179.5 

6.5 

48 



2198 w* 

(aH0H)2 = 2206 

—8 





(6b) (8b )= 2203 

5 

49 

- 

- 

2247 w* 

(9a)(4b) = 2250.5- 

3.5 

50 

; - , 


2297 ms* 

(9a)2 = 2295 

-2 

51 



2342 w* 2328 

(aHGHX3) = 2341 

-1 

52 

, , 

■ ' 

2399 m* 2407 w 

(15 )( 14) = 2404.5 

5.5 

53 

' ■ - 


2448 m* 

( 1)( 19a) = 2453 

5 

54 

4M» 

«• ' ' 

2479 2467 

(3)2 = 2476 






( 15 )( 19b )= 2485.5 

6.5 

55 

7 ' 


2531 m* 

(aBpH) ( 19b )= 2538 

7 

56 



2601 s* 

(7a)2 = 2594 

-7 
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1 2 

3 

4 

5 

6 

■7 

8 

57 


2626 ms* 

2622 

2634 


(I5)(ab) = 2620.5 
(9a)(l9a)= 2624.5 
(l8a)(8a)= 2626 

-5.5 

-1.5 

0 

2875 P 

58 2881 Q (a) 

2888 R 

15 

2865 w 

2864 


(196)^ = 2870 

5 

2935 P 

5 9 2940 Q (a) 

2947 H 

15 

2928 m 

2927 

2928 V 

>0H (Subs (a^ 
(I4)(8b)= 2924 

-4 

60 

- 

2968 vw 

2963 


vGH(subs)GHj group 


61 

- 

2998 w 

2992 


v 0 H(b 2 sb,^)(CH^ group) 


62 

- 

3001 w 

- 




63 

- 

5008 ms. 

30 ce 


(8b)(l9b) = 3005 

-3 

3019 P 

64 (3024) (b) 
3030.5 R 

11.5 

3016 s 

3018 


2 

7b 


65 

- 

- 

5052 

5054 



3069 P 

66 3076 Q (a) 14 

3085 R 

3075 m 

3077 

3066 

20a, (8a) (l9a). 

= 3071 

-5 

3088 P 

67 (3094) (b) 11 

3099 R 

3092 m 

3092 w 

20b 


68 - 

- 

5635 w 

- 


(20b)(6a)= 3639.5 

,4.5 

69 

- ■ 

3655 w 

— 


(2)(6b) = 3657 

2 

70 

- 

3700 w 

- 


(20a)(6b)= 3709 

9. 

* Liquid pbase IR bmds, tising 

lEbidb: 

film of 

the ccmpoimd (0*5 me) 

in 


GSBr Cells. 
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TABLE 4.2 


OBSERYM) BMP KiSITICITS, ER SEPABATIO!?S igP HJTBEPHBTAPIONS 
HT IFEBARED BAITO (XaTTDORS OE g-^PICQUITE 


SI. 


IE POSITIONS 


Haaan( 20 ) 
liquid 

laierpreta- 

tion 

inharmp- 

nicity 

no. 

Vapour 

(et) 

Liquid Phase 

Solid Phase (rt) 

(mt) 



1 

2 

3 4 

5 

6 

7 

8 


1 

- 


~ 

327 w 


218 

11 








254 



2 

.. 


— 

340 

336 

334 

I8b 









(11)(tcH^)=343 

3 


387.0 P 

(c) 







3 

400.0 Q 
407.5 R 

20.5 

398 s 

398 

407 

16b 



4 

- 


- 

418 w 

418 w 


I6a 


5 

- 


- 

453 w 

456 w 




6 

- 


- 

470 w 

475 w 

476 

(l8b)(TCI^)=465 

-5 

7 

- 


- 

504 vw 

- 





525.0 P 








8 

534.0 

539.0 E 

(A) 

14 

535 vs 

535 

535 

6a 


9 

- 


- 

558 w 

_ 





627 P 




634 

605 



10 

(632.5)Q 

(b) 

12 

628 s 

658 mw 

628 

6b 



639 E 




651 

(6a)(TGB^}=659 

1 


702.0 P 

(C) 








713.5 Q 
723.0 E 

21 

711 vs 

707 vs 


4. . 




743.0 P 








12 

751.0 Q 
758.5 E 

(A) 

15.5 

•• 



12 
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1 

2 

3 

M 

*ir 

5 

6 

7 

S- 

13 

772.0 P 

785.5 Q (C) 

793.0 E 

21 

lerj vs 

789 

804 

795 

10b, 

(I6b)2 = 800 

_4 

14 

913.0 E 

922.5 Q (C) 

934.0 E 

21 

919 w 

924 

888 

931 

17b 


15 

- 

- 

- 

944 

w 971 

10a 


16 

978.0 E 

986.0 Q (a) 

992.0 E 

14 

987 w 

989 

989 

1 


17 

- 

- 

- 

1002 

ms 

17a 


1024.5 E 
18(1030.5) (b) 

11.5 

1027 vs 

1032 

1028 

15 



1036.0 E 


1040.0 E 


19 1049.0 Q (a) 
1054.0 E 

14 

1040 ms 

1041 

. 1043 

18a 

20 - 


- 

1066 

1069 

YGH3 

1096.0 E 

21(1102.5 ) (b) 

1107.0 E 

12 

1101 s 

1106 

1092 

otHCH(c^ group) 

1118.0 E 
22(1124.0 ) (b) 

1130.0 E 

12 

1125 s 

1125 

1146 

(I6a)(4)=1131 

1153.0 E 

23 1162.0 Q (a) 

1168.0 B 

15 

- 

1171 

- 

(6b )(6a)=1 166.5 

1184,5 P 

24 1192.0 Q (a) 
1199.0 B 

14.5 

1188 s 

1189 

1206 

9a 

1221.0 E 

25 1230.0 Q (a) 

1236.0 E 

15 

1225 ms 

1226 

1228 

7a 

1236.0 E 
26(1243.0) (b) 

13 

1248 w 

1256 . 


(6a) (4) = 1247. 


- 1249.0 E 
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1 2 

3 

4 

5 , 

6 

7 

8 

1279.0 P 

27 1297.0 Q (a) 

15 



1287 

(6a)(l2) = 1285 


1304.0 H 

1334.0 P 

28 1340.0 Q (A) 

15 

1333 w 

1333 


1^ 


1349.0 R 

1380.0 I 

29 1387.0 Q (a) 
1394.5 E 

14.5 

1383 ms 

1383 

1380 

cuiCH 

(CI^ group) 


1413.0 P 

30(1423.0) (b) 

11 

1413 s 

1413 


19b 


1429.0 R 

1472.5 I 




1460 

a HCH (CH, group) 

19a ^ 


31 1481.0 Q (a) 
1488.0 R 

15.5 

1479 TS 

1479 

1480 


1576.5 P 

32(1583.0) (b) 

11.5 

1576 

1579 

1577 

8b 


1588.0 E 

1594.0 P 

33 1601.5 Q (a) 
1608.0 E 

14 

1593 

1601 

1609 

1598 

8a 

(l)(6b) = 1618.5 


34 - 

- 

1655 w 

1657 


(lOa)(4)=1657.5 

9.5 

35 - 

- 

1709 s* 

- 


(I0b)(l7b)=1708.5 

-0.5 

■36 - 

- 

1722 s* 

- 


(oa)(9a) = 1726 

4 

37 • 


1835 m* 

- 


(6a)(aS3H)=i836.5 

1.5 

38 - 


1874 m* 

- 


(6b)(3) = 1875.5 

1.5 

39 - 


' 19 18 s* 

- ■ 


(I8b)(ab) = 1923 

5 

40 - 


1968 m* 

• 


( 1)2 = 1972 

4 

41 - 

- 

2066 Tw* 

- 


- (6b)(l9b)=2055.5 

-0.5 

42 - 


2074 mw* 

- 


(I5)(l8a) = 2079.5 

5-5 

43 - 


2145 vw* 



(9b )( 18a) = 2151.5 

6.5 
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12 3 4 5 6 7 


44 - 

- 

2173 w* 

- 


(l)(9a) = 2178 

5 

45 - 

- 

2210 w» 

- 


(1 )(7a) = 2216 

6 

46 - 

- 

2225 m* 

- 


(I2)(l9a) = 2232 

7 

47 - 

- 

2255 m* 

- 


(15) (7a) = 2260.5 

5.5 

48 - 

- 

2312 w* 

- 


(8a)(^) = 2315 


49 - 

- 

2372 ES* 


- 

(15) (14) = 2370.5 

-1.5 

50 - 

- 

2417 



(9a)(7a) = 2422 

5 

51 - 

- 

2460 s* 


2453 

(l)(l9a)= 2467 

7 

52 - 

- 

2518 w* 


2494 

(8b)(l7b) = 2524 

6 

53 - 

- 

2571 m* 



(14) (7a) = 2570' 

-1 

54 - 


2608 s* 



(I5)(8b) =2613.5 

5.5 





(I5b)(9a) = 2615 

7 

55 


2633 vr* 



(8b)(l8a) = 2632 

-1 

56 

- 

2667 m 



(3)(l9b) = 2666 

-1 

57 - 

— 

2729 s 



(3)(l9a) = 2724 

-5 

2816.0 P 

58(2821.0) (b) 

11 

•• 


2819 

(I4)(l9a) = 2821 

0 

2827.0 E 







2878.0 P 

59 2885.0 Q (a) 

'15, ' 

2869 

2^ 

2870 

(7a)2(6a) = 2878 

5 

2893.0 S 







60 ~ 

- 

2928 

- 

2918 

(l4)(Bb) = 2923 

-5 

2934.0 P 

61 2941.0 Q (a) 

13 

2958 

2960 

2954 

(I9a)2 = 2962 


2947.0 H 





VCH X-sensi 







(b^jbg) 


2964.0 P 

6 2 2971.0 Q (a) 

14 

2985 

2995 

2991 

VCH (CH^-grmp) 


2978.0 E 
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'SmMX.3 

OBSIEVID BiaiD POSITIONS, PR SEgARliHOHS .211) EI5!E5PHB!E^.,1IQFS 
m INBRAHID BiUjID CONG?CUHS OP Hf-PICMIiDJE 



IE BAND POSITIONS 


(19) 

Interpre- 

MkixBx^ 



liquid 

E1.-1S8 

tation 

monici* 

tf 

§1. 

Yapour Kiase liquid Biase 

Solid 

Haase 

LXXJ m 

on ^'’PR cm 

-1 

on 

CHl 



1 

2 3 4 

5 

6 

7 

8 


1 




376 w 


219 

352 

11 

.18b’ 

2 

- 


- 

388 w 

- 


.16a 

3 

475.0 P 

484.5 Q 

495.5 E 

(G) 

20.5 

486 TS 

492 s 



4 

506.0 P 

513.0 Q 

521.0 S 

(A) 

15 

515 B 

511 s 

518 

6a. 

5 

6 

672.0 P 
(678.0) 

684.0 E 

(B) 

12 

612 w 

666 s 

608 w 

666 w 

672 

(l6b)(^CIL)= -2.5 

609.5 ^ 

'5b. 

7 

705.0 P 
713.5 Q 

722.0 E 

(G) 

17 

710 w 




8 

725.0 P 

731.5 Q 

741.5 H 

(g) 

16 

726 s 

731 s 


4 

9 

785.0 P 

796.0 Q 

801.0 Q 
806.5 E 

(G) 

21.5 

800 vs 

802 

816 - 


(6b)(TGH-)=803 1 

10b ^ 

12" 

10 

- 


- 

871 w 

899 


.17b 

11 

928.0 P 
(935.0) 

(B) 

12 


mm 




940.0 E 
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1 3 3 4 5 6’ • 7 ' 8 


12 

1 

960.0 I 

967.0 Q U) 

975.0 R 

15 

970 a 

i 

979 , 

t 

4 

(153)2 = 969 


13 

985.0 P 

596.5 Q (a) 
1004.0 E 

15 

S95 s 

988 

996 

995 

17a 

-i 

; i 


14 

1035-0 P 

1044.5 Q (C) 

1047.5 Q 

1055.0 E 

20 

1039 as 

1045 




15 

1066.0 P 

1073.5 Q (a) 

1080.5 E 

14.5 

1068 a 

1078 

1094 

1060 

18s. 

Ji,(ll) (I7b)=l090 

*’*4' 

16 

1102.0 P 

(1108.0) (b) 

1113.0 R 

11 

mow 



aEGE 


17 

1155.0 P 

(1160.0) (b) 

1167.0 R 

12 


1155 


(6b )( 16b )=1 162.5 

7.5 

18 

1185.0 P 

1192.0 Q (a) 

1199.0 E 

14 


1195 w 


9a 


19 

1198.0 P 

1209.0 Q (a) 

1213.0 R 

15 

1208 m 

1214 


(16b) (4) = 1198.0 

-11 

20 

1216.0 p 

1223.5 Q (a) 

1230.5 R 

14.5 

1222 s 

1224 

1224 

7c. 


21 

1^9.5 P 
1276.5 Q (b) 
1284.0 R 

14.5 

1286 as 

1257 

1500 


(11 ) (yOH4)= 

1265.5 ^ 

6.5 

22 

1341.0 P 

(1348.0) (b) 

1354.0 R 

13 . 

1333 m 

- 


14 


23 

_ 

- 

1363 w 

- 


(1 )(l8b)=1372.5 


24 

- 

- 

1581 as 

1381 

1583 

aHGH(GI^ group) 


25 

1413.0 P 
(1420.0) (b) 

■ 13 

1413 

1425 


19b 



1435.0 E 
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1 2 2 i 


1452.0 S 

25 1458.0 Q (a) 

1465.0 H 

13 

1444 ms 

1430.0 P 

27 1498.0 Q (a) 

1504.0 H 

14 

1458 

151.1 ms 



1553 s 

1601.0 r 

28 1608. 0 Q (a) 

1616.5 R 

15.5 

1603 vs 

1648.0 E 

23 (1654.0) (b) 

1661.0 R 

13 

1662 w 

1735.0 i 

30 (1741.0) (b) 

1748.0 E 

13 

1752. s* 

31 

- 

1799 m* 

1833.0 :e 

32 (1841.0) (b) 

845.0 R 

12 

1848 s* 

1920.0 E 

33 (1927.0) (b) 

1932.0 R 

12 

1934 s* 

34 - 

- 

2082 ms* 

■35 

- 

2150 m* 

: 36' ; - ■ ; 

- 

2158 ms* 

37 - 


218*0 s* 

38 - 

■■ 

2213 s* 

39 


2294 s* 

40 

' 

2307 w* 

41 > 


2362 

42 - ' 


2402 ^ 


5 6 7 8 


^ - 

■HGH (CH^ group) 


1505 

(19a) 

(3a) (1) =150}. 5 



(9a) (I8b) =1568 


1578 1570 

1607 1608 

£0, 

3a, ( 18b) (7a) 
=1539.5 

8.5 

- 

(l8b)(3) = 1652 

-2 

- 

(6b)(l8a) = 1751 

10 

- 

(4)(l8a) = 1805 

6 

1878 

(l0b)(TC^) =1841 

0 

- 

(5a)(l9b) = 1933 

6 

— 

(4)(14)=2079.5 

-2.5 

2133 

(6a)(8a)=2121 

—9 

- 

(4)(l9b)=2151.5 

-6.5 

2176 

(1 )(9a) =2188 

8 

2213 s* 

(l)(7a) =2220 

7 

2272 

(I8a)(7a)=2297 

3 


iySSS){S&) = 2300 

-7 


( 19a) ( 17b) =2369 

7 

— ■ 

(lOb) (8a) = 

2.5 


2404.5 
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1 

2 

5. 

- 4 

5 

6 

7 

& 

43 



2420 w* 



(9a)(7a)=24l5.5 


'■1*4' 

- 

- 

2451 s* 

2456 


(7a 2447 

-4 

45 

- 

- 

2551 V* 

- 


( 3 ) 2 = 2552 

1 

46 

- 

- 

2602 S**- 



(l)(8a) = 2604.5 

2.5 

47 


- 

2630 n* 

2632 


(3)(14) = 2624 

6 

48 

- 

- 

2673 s* 

2675 


(I8a)(8a) = 2681 

8 

49 

2742 P 

2749 Q (a) 
2756 E 

14 

2730 S 

2736 


(7a)(l9a)=2721.5 

- 8.5 

50 

2821 P 

2824 (b) 

2853 R 

12 

- 

- 


(7a)(8a)=2831.5 

■7 

51 

2874 P 

2883 (a) 

2889 E 

15 

2868 w 

2862 


(8a)(5) = 2884 

1 

52 

2931 

2938 (a) 

2946 

15 

2928 BS 

2926 

2928 

vCH 

(OB^ group) 


2961 I 

53 ( 2967) (b) 
2972 E 

11 

2968 w 



vGH (cH, group) 

(b,,b^P 


54 

2996 P 
( 3002 ) (b) 

5009 E 

13 

2996 s 

2997 


n 


55 

3032 P 

( 3039 ) (b) 

3044 E 

12 

3034 s 

3035 

3038 

7b 


56 

3064 P 
( 3072 ) (b) 
3077 E 

15 

5076 

• 

3076 

3052 

20b 


57 

3070 P 

3076 Q (a) 
5084 S 

14 


- 

-• 

20a 



Liquid phase IE hands u^g thick 

f ilm of 

liie cor 

ipound ( 0.5 jm) 



in OS Br Cfell. 
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OBSERVED MID QjqCIILjifEBB TAEUES OF FulTB.: 

m)bEs cih cm-1) OF aM Y~Tiaoxtl! rs ' 



Besigna- 

l^scrip-. 

fundanie;iTaT 

^recuency 

cm-'i 

Symmetry 

tior 

tion. 

a -Pi CO line 

g -Pi CO jin’s"'" 

T-Picoline ' 




Obs.* 

Cal. 

0 be 

Cal. 

Obs.’" 

Cal. 

1 

2 

3 

4 

5 


7 

8 

9 


6a 

X-sens . 

545.5 

546** 

526 

534.0 

555 ** 

503 

513.0 

5 - 1 5 ** 

504 


12 

Z-sens « 

735.0 

664 

751 .0 

802 

801 .0 
800** 

808 


1 

Ring 

976.0 

983 

9S6.0 

913 

996.5 

964 


18a 

e CH 

1032.0 

1040 

1049.0 

1012 

1073.5 

1012 


9a 

6 CH 

1147.5 

1193 

1192.0 

1126 

1192.0 

1181 


Ta 

Z-sens • 

1297.0 

1253 

1230.0 

1271 

1223.5 

1187 


19a 

V GH,CG 

1477.0 

1491 

1481 .0 

1491 

1498.0 

1466 


8a 

V GC 

1594.0 

1610 

1601 .5 

1599 

1608.0 

1658 


2 

V CH 

3024.0 

3044 

3 OO 6 

5043 

3002.0 

3087 


20a 

V CH 

3076 .0 

3048 

306 9 . C 

3072 

3076.0 

3114 



CH^ group vibration 







“ HCH 

1382.0 

1395 

1387.0 

1363 

1381.0' 

a __ 



V CH 

2940.0 

2997 

2971 .0 

2;399 

2938.0 

2952 

“2 

18B 

X-sens . 

358 .0 
358** 

304.7 

340.0 

338** 

356 

376 a 
559 ** 

324 


% 

Sin4 

def. 

633.0 

628** 

630 

632.5 

6 24** 

590 

678.0 

666** 

631 


15 

&CH 

1050.5 

1042 

1030.5 

917 * 

1094.0 

1032 


3 

&GH 

1238.0 

1209 

1243.0 

1160 

1276.0 

1252 


;14 

VCI,CC 

1354.0 

1352 

1340.0 

1311 

1348.0 

1335 


coiitd 
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T able 4«4 contd 


3 4 T ' S '“1 ^ 


19b 

V CIf,CG 

1435.0 

1516 

1423.0 

1596 

1420.0 

8b 

V CO 

1570.0^ 

1600 

1583.0 

1564 

1578.0® 

7b 

V OH 

(3024) 

3034 

3022.0 


3039.0 

20b 

^ OH 

3094 

314s 

3100 

3111 

3072.0 


a HCH ■ 

1103 

1100 

1102.5 

1058 

1108 


a HCH 

1453.0®' 

1594" 

1460.0^ 

1 523 

1458 .0 


V OH 

2968.0® 

2914 

2941 .0 

r>o r 

2967.0 

11 

X-sens. 

21 3. o"*^ 

246 

218.0^ 

216 

219.0^ 

16b 

X-sens. 

468.5 

490 

400.0 

331 

484.5 

4 

tCC 

751.5 

645* 

713.5 

662 

731.5 

10b 

Y OH 

797.0® 

759 

785.5 

700 

796.5 

17^ 

Y OH 

930.0 

940 

922.5 

840 

871 .0® 


CH^ giroup -vibrations 





Y CH3 

1115.0® 

1105 

1066.0® 

1055 

1044.5 


“ HCH 

(1453.0) 

1549 

(1460.0)^ 

- 

1420 


V OH 

(2968.0)® 

2867 

(2941 .0) 

2763 

(2967) 

16a 

GO 

401 .0 

432 

418. 0® 

451 

388® 

10a 

ych 

884.0® 

833 

944.0° 

1012 

(871)^ 

17a 

YCH 

(930.0) 

849 

1002.0® 

1058 

988® 


CH3 group "vibrations 





(12) 

T gh^ 

<125 


<125 


< 1 25 


( ) 


** 



assigned more than once 
IE vapotir 

data f 2*001 Sn^ and Sponer 25 

IE liq-uid, (b) Eaman liquid (cf Sables 4*1 » 

IE solid (ms) 


4.2 


and 4 . 3 ) 


1439 

1568 

3098 

3104 

1090 
1485 
2856 • 

228 

403 

667 

725 

912 

983 

1377 

2809 

391 

829 

942 





Lni 


oi 


cc 

04 xh 

p 

04' C\J 

c 

■CVi C\i 


• i • 


o o 

5 



04 

B 

. . 

04 r- 

pi 

\ ■ 04 04 


mi 


m 


■ ftjQ i 


O' 



VD 

O 

OJ 

m 

o 


ir\ 

<!• 

o 

04 


oj VO) 

\o 


0 !‘ • • 

• 

• 

02! lA 

<Cj Oj 
&. -A 

T“ 

-4- 

in 

in 

04 

“r* 

S| cv 
i 

1 

04 

04 

0| |>- 

o 


<D1‘ • 

• . 

* 

mi LA 
40 4 

T“ 

■DA 

LA 

CD 


CD 

o- 


CO 

uo 

OJ 


OJ 

s 

V0 


<D 

S 

•rl 

O 

0 

'H 

PH 

1 

■>- 


VO 

T- 

(T\ 

0 



• • 

• • 

m 




T— 

T— 

O ’ 

4=> 



T-“ 


- 

•H 





1 

1 

P 

<4 




04 

1 

3 



CO 

r>“ 1 




* 

« . 

m 





■^h 

DA 1 

0 



■<; — 

T— 

^ 1 

■ rS4 

m 




1 

P 

\D 



O 


r^4 

DA 


VO 

04 

P 



to. 

0- 


•ri 

«h.. 


Lp~ 


LA 


tr\ 


O'- 

CH 

OJ 


DA 



• > 

• 


'w' 



r— 

t— 


» ' 

• 




O 

0 

✓ — s 




rH 


<T» 




02 

C 

04 

T~ 

c 



U 

v_^ 

!>• 


DA 

N 



VD 

00 

04 

\ca 

P 


^_.u 


CO 

' 



« .. 

• 

*: 

CO 



T~ 

T“ 

T— 



P 




•w 

0 

0 




fH 


<3 


m 


toa 


‘H 

0 

ro 

CQ 

U 0 


0 

-P 

0 


& 


m 
U 

P 

Pi 4^ 


a 


rri 


m 

-p 


54 

o 

o 


rO 

f4 


CD IH 


8 

ri 

o 

*H 

cd 

-p 


0 


*H 

-p 


S Hf 
03 


05 


o 


o 

0 

u 

03 

0 

P 


-P 

CD 

O 

o 

o 

*-H 

P 

f-i 

0 
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TiiBUD 4*6 


ISSmED GBOIEiPRY IDR S-, •■" 

' Y-pi(}oio:HS"iijF gHS GEbu?rir^^ 


(See Text 

Section 4.6) 

R(c^-h^) 

= 1.0843 i 

R(G2-H2) 

= 1.0805 

R(G2-H3) 

= 1 .0773 

R(R-G^ ) 

= 1.3402 

RCG^-Cg) 

= 1.3945 

RCCg-G^) 

= 1.3944 

R(C*-Cs) 

= 1.525 

R(Cs Hs) 

= 1.0750 

G^C2C3 

=118.53° 

G^NG^ 

=1 16 .83° 

H^C^C2 

=120.24 

H2G2G3 

=121.30 


=118.33 

G2G3H3 

=120.84 

CsGC 

=120.24 

HsGsHs 

=120.0 

HsCsG 

=110.0 


Suffiz s wilii Q and H denotes fee atom of the substituent 
CH, group. 

*0 is for «-piGollne, for B-pico line aiid C.^ for Y-^pinoline, 
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fft! 

r !-• 

y'' 


0^ 

CM 

^A 

CM 

tA 

la 


LA 

tA 


lA 


VO 

VD 

VD 


r~* 

O 

O 


O 

o 

O 

O 

O 

M 

w 

O 

o 

'rH' 

'O 


w 

T“ 

CM 


CM 

tA 

tA 

lA 





LA 

LA 

LA 

VD 


o 

O 

O 

O 

o 

O 

O 

O 

o 

o 

o 

O 

O 

O 

O 

o 

T“ 

y— 

r- 

CM 

CM 

OJ 


tA 

^A 


'LA 

K^ 

LA 

VD 

lA 


W 

o 

O 

W 

o 

o 

O 

W 


tn 

w 

O 

O 

m 

O 


^ "iCk. ax. 


« ‘ i Ml 

'H ItH 

*H I C 

9HjO| 

QS-HI 



CM 

^A 

CM 

lA 


?A 

•«:f 

VO la 

VO 


LA 

VO 


\— 

O 

O 

m 

O 

o 

f-rrl 

O 

O O 

o 

o 


hH 

j-i-l 

o 

Wi 

t— 

CM 

CM 

CM 

hA 

I A 

^A 



LA 

LA 

LA 

A 


o 

O 

O 

O 

O 

O 

O 

o o 

o 

O 

O 

O 

o 

■cT 

■Y“ 


T— 

CM 
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REFINED UREY-BRADLEY FORCE-CONSTANTS FOR PLAKiiR AND 
NOM-PLAMAR VIBRATIONS OF o(-, & and Y-PICOLINES 




-Picollne 


^ -Picoline 


Y -Picoline 



5 . 135 , 5 , 130 
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CHAJliSiPu Y 

•VIBRATIOITAli SISCTRA OF PARAPH IOPOPIB^ 

mu ZA.uiiH!Hrj.B 

ABSTRACT 

The vapour phase vihrational freq.uerLcies for gas phase 
para fluorophenol and para fluorohensaldehyde have been oh-tained 
on me basis of a oombined study of gaseous, liquid and solid 
(IIT) phases. Preliminary results for normal coordinate analysis 
are given. The mbrational frequencies hhve been used (in Chap- 
ter VI) to deduce the thermodynamic quantities for the compounds. 



5.0 lUTEODUCTIOI 
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Recently, tlie fluorinated aromatics ha.ve attai-ned 
considerable importance . [Cbe systems are interesting due to 
].ii^,ly electronegative cbaracter of the fluorine atom wMcli is 
responsible for intense infrared absorption and largo changes in 
force constants. Yibrational spectra for para fluorophenol (1-9) 
and parafluorobenzaldehyde (10-19) based on lev? resolution elec- 
tronic, liquid phase infrared, and Raman spectra have been present- 
ed earlier. OIhe far-infrared spectrum (90-426 cm”"^ ) for vapour 
phase para fluoro be nz aldehyde has been reported by Mller et al 
( 15 ). Howe ver^ Raman data for Parafluorobenzaldehyde and the 
vapour phase infrared spectra for paraf luoro ::.hencl are not 
available in literature. Ttie rotational band contours have been 
studied in the electronic spectrum of paraf 3-uorophenol by Hollas 
ot al (20). The microv/ave data for tho compounds are not available. 
Olie earlier vibrational assignments for these compounds are in- 
comploto, and based on low resolution oloctror.ic, and infrared 
spectra. 

In the present investigations, the infrared spectra of 
Parafluoro phenol, and Parafl^^orobonzaldehyde in tLao vapour, 

liquid, solid and solid (at liquid nitrogen temperature) phases 

-1 

and in solutions in the region 250-4000 cm , have been recorded. 

The vibrational assignments have been made on the basis of well 
resolved infrared band contours for all the fundamentals. A large 
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number of overtones including those due to the lowest torsional 
mode have been observed and assigned. Ihe internal modes corres- 
ponding to CHO group of para' fluorobenzaldehycle aro contained in 
the spocios of Cs point group, and have boon obscr'ved in vapour 
phase infrarod spectra. Iho fundamental modes v/hich are not 
observable or forbidden in the vapour phase infrarod spectrum are 
observed in the solid (at USTT) phase. Some ba^ads are found to 
sho?/ splittings at low temporature in 'the solid phase. Further 
tho vibrational frequencies of the compounds under present study 
have boon theoretically calculated using the TJrey-Brad3-ey force 
constants (21). Those constants are known to bo moderately 
transferable between chemically similar molcculos (cf Chapter 17)? 
especially if the substitutents surrounding the particular coordi- 
nate are exactly identical, the force constants may be transferred 
to estimate tho frequencies. These force constants may subsequen- 
tly bo modified slightly to suit the moleculo under investigation. 

5.1 EXPEBIMTiX 

Ohe analytical grade, Para-fluoro phenol and para- 
fluorobenizaldehydo were obtained from Aldrich chemical Co. Both 
the samples wore triple distilled under vacuum just before the 
experiment. Oho middle portion of tho sanple was always used 
for tho oxporimont. Ohe infrared spectra of vapour, liquid and 
solid statOB of the compounds wore recorded using P.E. 521 double 
bo am infrared speotro-pho tome ter. For vapour phase spec traV 



10 meter varia’ble path multiple reflection gas cell was used. 

Ihe vapour for each of the compoimds was collected in the gas cell 
from the vacuum system (cf Chapter II ) containing the sample. !I3ie 
vapour was kept at low pressure in the cell and longer path lengths 
ranging from 1.25 meter to 10 meter were used. Pa^th lengths and 
the pressure of the vapour were varied to get a well resolved 
spectrum. Hie other experimental details are -the same as given 
in Chapter II. . 

5.2 SBIEGIIOIT EUIES MP UOMIONS 

Both Para fluorophenol, Para fluoro he ns aldehyde molecules 
belong to point group to a first approximation. 55 dCtindamental 
modes of Para fluorophenol are divided as 

13a^ + lOb^ + 3a2 + 7h^ 

whereas 36 vibrations of Para fluorobenzaldehyde are divided 
as 

1 3a^ + 1 2b2 + 4-a2 + 7 d^ 

Phe universally accepted Wilson’s notations (22) have been used 
to designate the fundamental modes of the compounds except those 
due to substituent groups OH and CHO. All the fundamentals of 
mr «;f luQ r o phe no 1 and para fluorobenzaldehyde are allowed in 
Raman spectrum and all but those belon^ng to 3.2 species in 
infrared spectrum (of Pablo 3 .I Chapter III) are allowed. 
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5.3 VIBRATIOFAX SEBCTRA 

Dig infrared absorption spectra, of Para fliiorophenol and 

para fluorobenzaldeliyde in vapour, liq_uid and solid (ET and liUP) 

—1 

phases and in solutions in the range 250~4000 cm are shown in 
Pigs 5*1 to 5«5. All the observed infrared b<ands of the compounds 
under study have been listed in columns 2, 4? 5,6 and 7 of fable 5.1 
in vapour, solid (Rf), solid (liUf) and in CCl^ and OSg solutions 
for Para fluoro phenol and in columns 2, 4 and 5 of Table 5*2 in 
vapour, liquid, and solfd (at liNT) pha,sos for para, fluorobenzal- 
dehyde , The probable assignment of the observed frequencies and 
anharmonicity of the combination bands have boon given in last 
two columns of Tables S.l and 5*2 respectively. Observed and 
calculated values of vibratiSnal frequencies are listed in 
Table 5»3. 

5.31 THE IRPRARED Bim CONTOURS 

7ap6ur phase infrared absorption spectra of parar- 
fluorophenol and para fluorobenzaldeliyde are shovsn in Figures 5*1 
and 5 . 4 , respectively. The band contours for some of the bands 
of the compounds are quito distinct and positions of P, Q aid R 
branches are quite distinct in the spectrum. However, in the 
overlapped region where two or more bands overlap, the contour 
has been isolated graphically. Tlie A-, B-, and C-type infrared 
band contours are the primary sources for ascertaining the 
a,j, bg modes in the vapour phase of para-fluoro phenol 

and para fluoro ben z aldehyde.' 
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The observed P, q, and E posi-fcj.ons of infrared vapour phase 
hands of para fluorophenol and para, fluoro ben z aldehyde are given 
in Tables 5«1 and 5*2. Por A-, and C- type bands, P, Q, and R 
represent the peah positions of the corresponding vibration- 
rotation branches. For B-type bands the dip between the P and R 
branches is given in parentheses and represents the position of 
Q-head. The observed values are shown in column 3 of Tables 
5*1 and 5»2. Most of the frequencies used for interpret aid. on of 
the observed bands are taken from the vapour phase infrared data 
of the present work. In some cases where contour is not distinct 
in Vapour phase, liquid phase data have been used for the inter- 
pretation. ThOi£i.Vpjj^ values for A-, B-, and 0 -typo bands have 
been estimated using senrL-empirical rela^tions discussed earlier 
(cf Chapters III & IV). There is satisfactory agreement between 
the observed and computed values within the experimental 

limitations. The computed rotational parameters and,^v/pp values 
are given in Table 5 , 4 . 

5.4 PURRAMgRTAli 'TIBRATIORS 

The assignment of the fundamental vibrations of Para- 
fluorophenol and para fluorobenz, aldehyde have been made on the 
basis of infrared data obtained in the present study and compared 
with the earlier results for phenol ( 23 “ 25 )_ rnd bonzaldehyde (26), 
respectively. The important features in the infrared spectra, 
and tho assignments of the infrared vapour phase inactive vibra- 
tions have been discussed in the following sections. 
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5.41 THE WSDAmmjJj ICIES 

The observed and theoretically calculated totally 
symmetry fundamental modes for ?'crafl-uoro phenol are given in 
columns 4 and 5 and those for para fluorobenaaldehyde in columns 
6 and 7 of Table 3 * 3 * The observed bands are shovi/n in KLgures 5*1 
and 5*4 and have been observed for the first time, [Ehere exists 
an excellent agreement between the vibrations belonging to a^ modes 
of r a: afluoro phenol and phenol (23-25) and Para fluorobenz aldehyde 
and benzaldehyde (26) except the X-sensitive ■:;TDde6a. The d? stretching 
mode is designated.. by the notation been observed at 

1318 and 1228.5 cm for para fluorophenol and para fluorobenz alde- 
hyde, respectively. The S-sensitive mode 6a is same for para 
fluorophenol and para fluoro benzaldehyde, and has been observed as 
a weak A- type band in the vapom? phase infrared spectra. The shift 
in frequency for the ring breathing mode 1 in para fluorophenol 
and parafluorobenzal-dehyde is due to the substitution of different 
groups OH, and CHO in benzene ring. The vapour phase, A type 

infrared band contours for the compounds have been observed for 

-1 

the first time except few bands below 426 cm for para fluoro ben- 
zaldehyde (15). The X-sensitive mode 7a ro presenting CO stretching 

froq.uency for para fluorophenol and C-C stretching frequency for _ 

—1 

para fluoro benzaldehyde has been observed at 1263*0 and 1241*0 cm 
respectively.. The OH stretching of p;arafluorophenDl has appeared 
at 36 56.0 cm'*T as a strong A- type band in the vapour phase infrared 
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spectrum. !I!he internal modes of OHO group of para fluorobenz al- 
dehyde have been given separately in Table 5.3 » The hands at 

—1 

1720.0 and 2829 cm have "been observed as A- type hands in the 
vapour phase infrared spectra of para fluorobenzaldehyde and are 
described as and -v/qu CHO group. E'le^Vpjj^ values for 

A( I !)-type bands have been computed using the relation discussed 
earlier (27). They are 10.0 and 8.1 cm~** for para fluoro phenol 
and para fluorobenzaldehyde respectively and are given in Table 
5»4« Hiese are in good agreement with the observed values. 

5.42 THE bg ITJHDAWTAX IVDEE'S 

OOhe typical shapes of BU-)~'band contours of para- 
fluorophenol and para fluorobenzaldehyde are shown in Hgures 5»1 
and 5.4» The observed and theoretically calculated frequencies 
of fnndamentals have been given in columns 4 and 5 for para 
fl^^oro phenol and in 6 and 7 for para fluorobenzaldehyde, respect- 
ively. In almost all the B Ci)-bands there is no Q-branch and 
dip between P and E branches is q.uite charantoristic . The 
X-sensitive mode 18b for para fluorophenol is ovorlapped by 

water bands and could not bo isolated in the vapour phase infrared 

-1 

spectra# Ehe liquid phase infrared band at 395.0 cm has been 

-1 

assigned to this mode. However, a strong band at 329 cm has 
been observed in the vapour phase far-infrared spectra for para 

fluorobenzaldehyde (15) and assigned as the mode 18b. CP bending 

-1 

frequency ( Has been observed at 385.0 and 41 8.0 cm for 
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6 vibr actions listed in column 6 of fable 5 •3 for para fluorobenzal- 
doliydo have shown characteristic C-type band in tho vapour phase 
infrared spectrum except tho lowest fundamental JJ, which has 
appeared in the vapour phase far infrared spectrum (15)» Solutions 
and liquid phase infrared frequencies have been used for the 
assignments of the other fundamentals of para fluo ro phenol* In 
all the c-typo bonds which have boon assigned as b^ modes, the 
Q~branch is prominent and their P and E wings are chairacteristica-- 
lly broad. Ihe internal mode of CHO group representing CEO wagg 

may be a strong band in the vapour phase infrared spectrum for 

—1 

para fluorobenz aldehyde at 592 cm . ._Ilio computed a V values 

-1 

for C-type bands are 15.1 and 12.1 cm given in fable 5.4 for 
para fluorophenol and para fluorobenzaldehyde, respectively. 'JQiere 
is a satisfactory agreement between the observed and computed 
AVpp va,lues wi.thin the experimental limitations. 

5.45 mms 

Ihe vibrational frequencies belonging to class for 
para fluorophenol and para fluorobenzaldehyde are listed in 
fable 5.3* Ihe ag modes have not been observed in the vapour 
phase infrared spectrum as they are forbidden by symmetry selec- 
tion rules (cf lable 3*1 Chapter III). However, all the three 
ag modes have appeared as weak bands in -fee infrared spectrum 
at liq^uid nitrogen temperatiore (IHl). Ihere is satisfactory 
agroemont between the vibrations of Parafluorophenol, para— 
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fluorobenzaldeliyde and pyridine N-oxide (28). OHO group torsion 

—1 

frequency for para fluorobenz aldehyde has been observed at 93 •5 cm 
in the vapour phase far-infrared spec trim. (15)* 

5*5 Ih lTRABEl} SPEGIBA Qg PARA glUOROPHEHOL Ih SOHJlIOIiS 

Ihe infrared absorption spectra of para fluorophenol in 
001^ and OS., solutions have been given in ligiire 5,3 and the 
observed bands are shovn. in columns 6 and 7 of lable 5»1» Almost 
all the fundamentals modes of a^ , bg and b.^ species given in 
fable 5»3 have appeared in the infrared spectra of parafluoro phenol 

in CGl^ and CSp solutions except the mode 6a. Ihe 00 stretching 

-1 

frequency of para fluorophenol which is at 3636.0 cm in vapour 

phase infrared spectra is decreased in solutions and has been 

-.1 

observed at 3636.0 cm in CCl^ and OSg solutions with strong 
intensity. Some of fundamental modes of para fluorophenol, are 
strong in solutions but weak in solid state spectra at Ef and Mf. 
QIhe overtone and combination bands have appeared with medium 
intensity for para fluorophenol. 

5.6 lOYiT fBIvffiBBAfUBE STUDIES 

The infrared spectra of parafluoro phenol and para 
fluorobonzaldohydo at ET & BTT are shown in Eiguros 5.2 and 5»5. 

The observed frequencies at lUT are given in column 5 of Tables 
5.1 and 5.2* low temperature studies of the compounds have been 
made for the first time. General, sharpening of the bands has 
been observed for the Gompounds with respect to the room temperature 
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infraxed spectra. Ch.an.ges in peak positions in some of the /bands 
have been observed, and few new bands appeared in these specrtra, 
wliich are helpful in the assignments of some of the fundamentals 
specially the forbidden bands. A tenta,tiv:; interpretation of the 
new and splitted room temperature bands for para fluorophenol, 
and para fluoro be nz aldehyde have been given in tho last column 
of Tables 5*1 and 5*2. 

5.7 liDIECIJIAR GEOMTRY 

The para fluorophenol and para fluorobenzaldehyde 

molecules are planar as suggested by its definite A-, B-, and 

C-type vapour phase infrared band contours shown in Figures 5*1 

and 5.4. The microwave data for the molecules are not available 

in literature* Assuming the planar regular hexagonal phenyl 

ring wi'th all the equivalent CH bond lengths of 1.084 A (29), 

0 

CF bond length as 1 .381 A and neglecting tho centrifugal distor- 
tion effects; we have illustrated in Fig 5.6 the most probable 
and the simplest conceivable geometry of para fluorophenol and 
PiU:ufluorobenzalclf-h3’-de- as computed on IBM 70,44 computor. The 
coordinates of all tho atoms in the contor of mass system have 
also been mentioned in the Figure. The computed rotational 
parameters, for the molecules are given in Tables 5.4. A 
comparison between tho observed and calculated rotational para- 
meters (dVpj^ values) shows that the proposer] goome try for the 
molocules is correct (Cf. Table 5.5). 
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5 .8 THEOEBTICAI CAICUIATION OP FJIDBdBKTAL MOIES 

!Elie observed and computed frequencies for para- 
f luoroplienol and parafluorobenzaldeliyde are given in fable 5»3» 
Details of the normal cooi^dinate calcula.-^hons he.ve been 
discussed in Chapter I, A simplified UBPP made up of force 
constants transferred, from benzene ( 30 ), chlorobenzene (31 ), 
Pyridine N-oxide, ando< P-, y -Picolines (cf Chapters III 
and IY) are set up. All other nondia.gonal force constants 
except 1-3 interactions and 1-4 interactions among the ring 
carbon atoms are put equal to zero. [The definitions of the 
internal coordinates for parafluoro phenol and par afluorobenz al- 
dehyde are given in fable 5.6. During the calculations 
minor and systematic alterations in stretching, bending, 
wagging and torsional force constants have been made in order 
to obtain a good fit observed frequencies for the molecules. 

!rhe set of force constants which yields tlie best frequency 
fit for almost all the vibrational frequencies for para- 
fluorophenol and parafluorobenzaldehyde is given in fable 5*7» 
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■JABIB 5*1 


OJBSERVED J3AID PO S lglOIS, PR SBPARA5I0RS iRR IR ^^ JiyESgATIORS IR 



“ irWaSEi 

) BMP c61'I20URS op 

PARAfSIROj 

oShoir^ 



ST. Vapovui' Phase 

no . RP ' ' <^^PR 

j.a 

Q, .Cf.iT 

Solid . Solndicn 

at DTP ‘iii 'CCT^r 

.0 

Inier- 
nr station 

Anjti^mD' 

nicity 

1 2 



5 

^ 

r? 



_ 8 

9 

1 




- 

280 w 

260 w 

11 


2 - . 


- 

- 

- 

J*) ' • 0 w 



3 

- 

325 W 

330 v; 


- 



4 

- 

350 w 

350 w 

342 ms 

340 ras 

*^00 


5 ~ 


372 w 

360 w 

370 w 

- 



6 


385 w 

375 

- 

- 

15 


7 , 

- 

395 w 

400 

395 w 

405 1 ? 

18h , 


8 

- 

413 w 

425 w 

41 5 V7 

415 W 



9 


- 

435 m ' 

440 m 

440 m 

16a 


10 - 


458 ms 

,, 460 w . ■ 

455 m 

/i .55 ms 



493.0 P 

11 503.0 Q (0) 

510.0 R, 

17' 

513 s 

505 s 
,520,111. 

5 O 8 vs 

510 vs 

16b 


' 519.6 P' 

12 523.0, Q.:(A) 

530 ;o R 

11 


520 m:,,. 

, , 

- 

6 a 


567 . 0 P ; • 
13 5T2;0 Q (a) 

577*0 R 

10 

'pm 



~ 

(11)^560 

12 

655 .O^P 

14 (640*0) (B) 

645.0 R 

'9 

'O' 

640 m 

6 40 w 

6 40 w 

' 6b 


15 . - :: 


wm 

.:r. 

685 w 

685 w 
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■X 

. 2 

3 

4 

5 

6 

7 

8 9 

16 



695 v; 

700 m 

695 w 

695 V/ 

4, 5 








(TOO) 2=700 


743.5 P 







17 

748.5 Q (a) 
754.0 E 

10,5 

744 s 

730 w 

740 w 

745 vs 

12 

18 



754 vs 

748 s 

765 w 

770 m 

10b 


822.0 P 



810 ms 



1 0a 

19 

829.0 Q (C) 

838.0 R 

16 

829 vs 

830 s 

830 m 

8 25 vs 

17l 


87 .0 P 







20 

(875-0) (B) 

8.5 

884 w 

875 w 

880 V 

070 m 

(6a) ("too) =873 2 


880.5 E 






873 


915.0 P 







21 

923.0 Q (0) 
929 . 0 E 

12 

921 m 

920 m 

910 w 

515 m 

5 


944.0 P 




- 

' 

- 

22 

948.0 Q (a) 

11 

949 w 

950 ms 

- 


1 


955.0 E 







23 


- 

- 

- 

- 

o 

o 

(16b) 0=1 006 2 

24 

- 

- 

1012 ms 

1015 m 

1010 w 

lOlO w 

17a 

25 

- 


- 

- 

1 020 w 


(6a)(l6b)=1026 6 


1080.5 P 







26 

(1086.0) (B) 

10*5 

1089 s 

1070 ms 

1085 vs 

1085 vs 

9b 


1091.0 R 



1090 s 




27 




1105 w 

1113 w 

1115 m 

(l0b)('^C0)= -1 


- 


- 



1104 - ■ 

28 

rm 

— 

1146 ms 


1145 m 

1145 s 

(12)(15)= -12. 

1133-.5 


1163.0 P 


■- 





29 

1169.0 Q (A) 

10 

— 

116 5 ms 

1173 s 

116 5 s 

18a 

■ 

1173.0 R 








1195;0 P 







30 

1200.0 Q (A) 
120 5.. OR 

10 

1192 s 

1184 s 

1187 s 

• 1185 s 

9a' 


1225.5 P 

- 





^OH 

31 

1231.0 Q (A) 

1236.0 E 

10.5 

1222 

1230 

1225 

1215 s 



Gontd 
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1 - 2 5 4 T~' "T Q - - ^ 



1257.0 P 


^ 





32 

1263.0 Q (a) 

10 


.M. 

1260 m 

1260 s 



1268.0 E 






- 


1 287 P 


- 

- 




33 

(1292) (B) 

10 


... 

... 


3 


1297 R 








1312.5 P 


- 





34 

1318.0 Q (A) 
1328.5 E 

11.0 



1321 s 

1325 s 


35 

- 


- 

- 

1338 s 

1333 s 

14 

36 

- 


1355 tns 

1363 ms 

- 

- 


37 



1393 ms 

1405 


- 

(4)2=1390 -3 





1415 





1430.5 P 







38 

1436.0 Q (A) 

11.0 

— 

1435 ms 

1433 s 

— 

19b 


1 441 . 5 R 







39 

- 

~ 

- 

- 

1453 S 

- 

(12)(4)=1443.5 

40 

- 

- 

1455 ms 

1465 ms 

1463 s 

- 

(l)(6a)=1471 -8 

41 

— 



1490 s 

1495 


(11 )(9a)=1480 -10 

42 

- 


1500 s 

CQ 

0 

0 

ur\ 

- 

- 

(12)2=1497.0 -3 


1505*5 P , ^ 





- 

19a 

43 

1511.0 Q (A) 

1514.0 Q 

12.5 

1510 s 

1510 s 

1510 D 




1518.0 E 







44 


MMP 

1530 m 



IN’.. 

(18 a) (■^00)= -11 





•- 

1519 

45 

- 

- 

1535 m 

- 

- 


(18a)(l5)=1554 


1 589 .0 P 





” 


46 

(1592.0) (B) 

9 

1602 s 

1590 ms 

1600 m 

- 

8b 


1598.0 R 








1604;5 P 

- 






47 

16lO;o Q (A) 
1616.0 R 

11.5 

1617 ms 

— 

1617 m 


8a 
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■i 

2 3 4 

5 

T 

i'" 


8 9 

48 

1632 ms 

- 

- 

- 


(|Qjj)(l8b)=16 26 -6 

49 

1669 w 

1669 




(18b)(7a)=1658 -1 

50 

1689 w 

1692 

- 

1697 

Y7 

(I8a)(6a)=l692 3 

51 

1736 m 

1750 

1725 m 

1725 

m 

(f>Qjj)(l6b)= -2 







1734 

52 


- 

1745 w 

- 



53 



- 

1827 

w 


54 

- 

186 5 w 

186 5 ms 

1850 

B 

(fQj^)(6b)=1871 -6 

55 

1884 ms 

— 


1695 

w 

(19a)(l5)=1899 4 

56 

1901 w 

- 

- 

- 


(I9a)(18b)=1909 8 

57 

- 

- 

- 

1925 

w 

(l2)(&Qg.)=1919 -6 

58 

- 

- 

- 

2050 

w 

— 

59 

2064 w 

2074 w 

206 5 w 

2060 

w 


60 

- 

- 

21 1 5 w 

- 


(5)(9a)=2123 8 

61 

2159 w 

2170 w 

- 

- 


((iQg)(5)=2154 -5 

62 

2242 w 

2242 V7 

2230 

2252 

w 

(6b)(8b)=2232 -10 

63 

2277 w 

2276 w 

- 

- 


(1 2)(l9a)=2262.5 

64 

2297 w 

2287 v; 

- 

- 


(9a)(9b)=2286 -11 

65 

2342 m 

2340 w 

2340 w 

2335 

w 

(I2)(8b)= . . -1. 

2340.5 

66 

2362 V7 

2370 w 

- 

236 5 


(12)(8a)= -4 

2358.5 

67 

Ml 



238 5 

w 

(9a)2=2400 

68 

2424 w 

2430 w 

2425 w 

- 


(9a)(gQjj)=2431 -7 

69 

2452 m 

2450 w 

- 

- 


(? 0H^ 2=2462 1 0 j 

70 

2475 

2480 w 

- 

- 


■ ■- 
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1 2 



4 

5 

6 

7 ^ 

8 

9 

71 



2545 

2544 w 

- 


(14)(4a)=2538 

-7 

72 



2590 w 

2595 w 

- 

2580 w 



73 



- 

- 

- 

2600 V/ 

(I4)(7a)=2601 

1 

74 



- 

2660 w 

- 

2655 w 

— 


75 



2675 w 

26 8 5 w , 


268 5 vj 

(I8a)(l9a)=2683 

8 

76 



2729 w 

2744 V 

- 

- 

- 


77 



2790 w 

2780 w 

— 

2770 

(8a)(9a)=2792 

2 

78 



2902 w 

2900 w 

- 

28 9 2 

( 191 ) 2=2910 

8 

2977 

79 2985 
2987 

P 

Q (A) 
E 

12 

2983 w 

2983 w 

- 

2992 VI 

(19a) 2=3028 


5012 

80(3007) 

3011 

P 

(B) 

R 

9 

- 

3003 

- 

- 

Tk 


3033 

61 3038 
3043 

P 

Q (A) 
E 

10 

3046 

3058 w 

3035 m 

3037 ms 

2 


3064 

82(3070) 

3073 

P 

(B) 

E 

9 

3082 w 

3082 w 


- 

201 


3085 

0 3092 
3097 

P 

Q (A) 
R 

12 

3109 w 

3107 w 


- 

20 a 


36 51 

84 36 56 
3663 

P 

Q (A) 
R 

12 

- 

- 

3636 s 

3620 s 

^OH 
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TABIE 5*2 

OBS ER-gEI) BAB B POSITIONS, PR SEPARAPIOI'TS MD IIT5BRPEEPATIOHS 
, 111 INPEARED BilFCOTOURH^OP PAOTl^RiTEBinMlTLr^ 


Si. 

7a^:''''ar Pliase 

liquid 

“^olid 

Iiite::pr3 tation 

Ahbarmonicity 

no • 

RP . PR 

Phase 

Phase 

1 

2 3 

4 

5 

6 

. . .. 1. . _ 

1 

93.5* (s) 

113 * 

- 

^OiiG 


2 

200.0* is) • - 

200.0* 

- 

ICBd 


3 

270.0* (w) 

- 

- 



4 

329* (m) 

3 26 ms 

331 s 

11 



f 





5 

387 w ~ 

381 ms 

370 ms 

383 ms 




414.5 P 





6 

(418.0) (B) 7.5 

418 ms 

41 6 s 

(18b ) ^=400 



422.0 R 



c. 


7 

T 

424 w 

~ 




495i0 P 






8 

499.0 Q (C) U 

5 O 8 ms 

500 s 

16b 



504.0 Q 

509.0 R 






518.0 P 

-- 





523.0 Q (A) 8 

526.0 R 


5 O 8 s 

6 a 


vO 

58 5.0 P 

592.0 Q (C) 15 

600.0 R 

600 s 

553 mw 

598 vs 

^ CHO 



612:0 P 

- 


(I5)(l8b) = 


I”. 

61 5.0 Q (A) 8 

620.0 E 



618 0 



631:5 P , 



6 b 


■ 2 

635.0 Q (a) 8.5 

640.0 R 

633 ns 

633 s 




687.0 P 



OHO rock 


1 3 

(691.0) (B) 7 

685 w 

681 m 



694*0 R 


Gontd 
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T ' : — ' 5 '"' '• — ^ — ^ — - 7 


14 

720.0 Q 

(0) 


o 

o 

705 W 

4 



741 .5 P 



.. 



- 

15 

(745.0) 

(B) 

7.5 

- 

745 w 

(6a)(l6lD)=723 

.... 


749.0 R 







749.5 P 

(0) 



- 


- 

16 

754.0 Q 

758.0 R 

8.5 

M. 


10B 

— 



770.0 P 

0 





" 

17 

(773.0) 

(B) 

8 

773 s 

771 ms 

(16a) 2=76 2 

-11 


778.0 R 







802.0 P 




•- 



18 

(806.0) 

(B) 

8 


...« 




810.0 R 








813.0 P 




» 

(4) (Tc,,o)=813 


19 

817.0 Q 
821.5 E 

(A) 

8.5 

mm 

8I4 m 

~4 


826.0 P 

(0) 






20 

834.0 Q 

838.0 R 

12 

834 s 

829 m 

17B 

mm ^ 



850;0 P 

(A) 

- 





21 

855iO Q 

8.5 

861 s 

851 s 

12 



858.5 E 




864 




922.0 P 



•a. 

-- 



22 

926.5 Q 

(A) 

8 



(18TD);,(6a)=‘!23 

-3.5 


930.0 R 







23 

939.0 Q 

(0) 

- 

949 V/ 

944 w 

(6a)(l *^)=941 

2 


980.0 P 

(c) 


- 

■- 



24 

985i0 Q 

10 






990.0 R 







25 

1002.0 Q 

(A) 




1 



1007.0 P 

(A) 





> 

26 

1011.5 Q 

8 

1011 ms 

1010 ms 

18 a 

— 


1015.0 R 







27 

“ 



1056 vw 

1 046 71 

(6 a) 2=1 046 

-10 
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“r*" 

. . 2 



■ 

5 

6" 7 

28 

1086.0 P 
(1092.0) 

1094.0 R 

(B) 

8 

1096 ms 

1094 ms 


29 



•M# 

1113 m 

1105 ms 


30 

1143.0 P 
1147.5 Q 

1152..0 R 

(A) 

9 

1159 s 

1146 s 

1157 s 

(6a)(6B)=1158 12 

9 a 

31 

1175.0 P 
(1178.0) 

1183.0 R 

(E) 

8 

- 



32 

1195.0 P 
(1200.0) 

1203.0 R 

(B) 

8 

1212 ms 

1207 -w; 

91- 

33 

1225.0 P 
1228.5 Q 

1233.0 R 

(A) 

8 

1 232 vs 

1219 vs 

13 • ■ 

34 

1238.0 P 

1241.0 Q 
1246 .0 R 

(A) 

8 

- 

1258.0 w 

la 

35 

1285.5 P 
(1289.0) 
1293.0 R 

(B) 

7.5 

1 295 ms 

1290 ms 


36 

- 


- 

1308 m 

1303 s 

(I6a)(5)=1320 13 

37 

1316.5 P 
(1321 .0) 
1324.0 R 

(3) 

7.5 

1328 V7 

1338 w 

1328 m 

14 

38 



- 

1 36 5 m 

1368 m 

(6a)(12)=1378 13 

39 

1377.5 P 
(1383.0) 
1385.0 R 

(B) 

7.5 

1391 ms 

1392 s 

^HOO 

40 

1416.0 P 

1420.0 Q 

1424.0 R 

(A) 

8 

1423 m. 

1423 ms 
1433 ms 

19 a 

( 1 b’I)( 15 )= 1429.5 6.5 

41 



r 

I46I w 

1 458 w 

1 468 w 

(4)(101)=:1474 S 
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-- --- ■ - ^ _ , „ 


1499.51 

42 (1503.0) (B) 
1507.0 E 

7.5 

1505 ms 

1 500 ms 

9b 


43 

- 

- 

- 

1570 m 

(12)(4)=1575 

5 

44 

1 597'. 5 P 
(1602'.0) (B) 

1605.0 R 

7.5 

1 599 vs 

1597 vs 

.8b ,■ 


45 

1612.5 P 

1618.0 Q (a) 

1622.0 IL 

9.5 

1632 ms 

1627 w 

8a 

'V 

46 

1705.0 P 

(1709;o) (B) 

1713.0 E 

8 

1702 s 

1689 s 
1702 m 

(6a)(9b)=1701 ■ 

-8 

47 

1718;0 P 

1720'.0 Q (A) 
1726.0 E 

8 

- 

1717 m 

V QO 9 

-10 

48 

1729.5 P 

1734.0 Q (A) 

1738.0 R 

8.5 

- 

- 

(10a) 2=1 728 

-6 

AC) 


- 

1786 m 

1791 v; 



50 


- 

1914 ms 

1919 m 

(6b)(3)=1924 

10 

51 

- 

- 

2059 w 

2054 w 

(I7b)(l3)=2062.5 

3.5 

52 

- 

- 

2092 w 

2098 w 

(12)‘(.13)=2083.5 

-9.5 

53 

.. 

- 

2162 V7 

21 6 4 w 



54 

- 

- 

2188 w 

2188 y; 

(14).( 12)^2176 

-12 

55 

- 


2242 w 

- ' 

(7a).(l)=2243 

1 

56 

- 

- 

2275 w • 

- 


. 

57 

- 

- 

2310 w 

- 

(18a)(3)=2300 

-10 

58 

- 


2397 w 

- 

(7a)(9a)=2388 

-9 

59 

. 

- 

2452 m 

2452 w 



60 

- 


2526 w 

2526 w 



61 


- 

2531 w 

2536 w 

(3)(7a)=2530 

-1 


Contd 
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1 

_ -2 

: . . . 3 . 

. . . .4 . 

5 

6 

7 

62 

2605.0 P 

(2608.0) (B) 

2612.0 R 

7 

2610 m 

2615 w 

(1 )(8Td)=26 04 

-4 

63 

2734.0 P 
(2738.0) (B) 

2741 .5 R 

7.5 

2742 ms 

- 

(7a)(19TD)=2744 

6 

64 

2773.0 P 

(2777.0) (3) 

2781 .0 R 

8 

- 

- 

(9b)(5B)=2780 

3 

65 

2790,5 P 

2794.0 Q (A) 

2799.0 R 

8.5 

2794 m 

2799 w 

(8a)(9B)=:2796 

2 

66 

2824.5 P 
(2829.0) (B) 

2832.0 R 

7.5 

2831 ms 

2829 m 

group) 

1 

67 


• m * 

28 5 2 m 

28 54 

(7a)(8B)=2843 

-9 

68 


turn 

2868 w 

2868 vw 

■(7a)(8a)=28 59 

-9 

69 

2936 .0 P 
2942.0 Q (A) 
2946 .0 R 

■10 


- 

(8a)(l4)=2939 

~3 

70 

2952.0 P 

29 56 . 0 Q (B) 

2960.0 R 

8 

mm 

- 



71 

2978.0 P 

(2982.0) (B) 

2986.0 R 



- 



72 

2992.0 P 

2996 iO Q (A) 

3000.0 R 

8 

- 

- 

(I9b)2,=3006 

10 

73 

3015.0 P 
(3018.0) (B) 

3022.5 R' 

7.5 

301 3 w 

3016 w 

73 


74 

3053.0 P ^ ^ 

3059.0 Q (A) 

3061.0 R 

8 

3067 w 

3069 w 

2 


75 

3088.0 P 
(3092.0) (B) 

3096 .0 R 

8 

3087 ms 

3087 ms 

203 


76 


•• 

31 20 m 

3117 w 

20a 
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OBSER-VED MD CALCULATED YAIUES OR RURDAiEUTAL I.DDBS OR PARA- 
RllJOROPHEIO^i A&D PARA RLUOROMTzIiSKHITW 


Symmetry 

Designa- 

- Re scrip- 


Rundamental 

Frequency (cm- 


tion 

tion 

Para fluoroplienol 
OBs* Cal. 

Para fluorobensaldeliyde 
OBs. Cal. 

1 

2 

3 

_ 4 

5 

6 

7 

^1 

6a 

Z-sensitive 

523 

472 

523 

496 


12 

Z- sensitive 

748.5 

749 

8 55 

980 


1 

ring 

949 

1019 

1002 

994 


18s. 

^ OH 

1169 

1132 

.1011 

1094 


9a 

P CH 

1200 

1163 

1147 

1135 


7a 

^CO 

1263 

1249 

1 241 (^CC) 1 21 2 


19a 

^^cc 

1514 

1493 

-1420 

1483 


8a 

vCO 

1610 

1604 

1618 

1595 


13 

^OR 

'1318 


1228.5 



2 

^CH 

3038 

3087 

3059 

3 O 86 


20a 

^CH 

3092 

3100 

3120 

3137 



POH 

1 231 

1220 





^OH 

' 36 50 

3673 



-2 

181d 

Z-sensitive 

-39^ 

458 

329*^ 

182 


SB 

ring 

640* 

64 O 

635 

634 


15 

PCR 

385^ 

344 

418 

395 


9B 

S CH 

1086 

1104 

1 200 

1 1 48 . 


3 

P CH 

1292 

1271 

1289 

1248 


14 

'^CC 

1338 

I3O8 

1321 

1 268 


19B 

^cc 

1436 

1416 

1503 

1400 


8B 

^GC 

1592 

1551 

1602 

1538 


C ontd 
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Table 5*3 contd 


i „ 

,2 

3 

■ 4- 

5 


7 _ 


7b 

VGE 

3007 

3084 

3018 

3084 


20b 

^GE 

3070 

3096 

3092 

31 20 

i1 

11 

Z“sensitive 

.280^°^ 

324 

329(<^) 

333 


16b 

Z--sensiti\^ 

503 


^499 

496 


4 

^GG 

-695^®'^ 

•713 

720 



10b 

"<GP 

754(a) 

741 

_754 

731 


17b 

GE 

329 

877 

(X) 

781 


5 

'‘GE 

923 

926 

939 

913 




350^^^ 

363 



-2 

16a 

"^GG 

435^^^ 

397 

58-] 

364 


10a 

^GE 

810^^^ 

■ 886 

864^^^ 

818 


17a 

1GE 

. 1015^^^ 

1037 

(® ) 

970 

1000 


CEO 

group vibrations of Para fluorobenzaldebyde 



GEO : 

rock 



691 



«*EG0 




1383 

1362 


^00 




1720 



VGE 




28 29 

2975 

a 

■^'GEO 




93.5(<i) 

168 


^CEO 




592 



(a) IE liquid, (b) solid ai (c) in C0l^,j_ solution, (d) reference (15) 

(e) reference (18) 
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gAKGB 

ASSUMBD dOlEIEY IQR P/iElELUOROPHAlOi im 
. Pi^EAPtoo RO z AinME-frcE . 


Paxameters 

Par af luo roplieno 1 


P a r af luo to ben z aldeiiyde 

R(G^-H^) 

1 .0840 i 


1.0840 1 

C\J 

o 

I ' 

TT^ 

o 

1 .396 5 


1.3965 

rCc^-p) 

1 .3181 


1.3181 

R(G-O) 

1 .358 (OgO) 


1.241 (0^0) 

R(C.-CHO) 



1 .489 

R(O-H) 

0.944 (OH^) 


- 

R(C-H) 

- 


1.084 

<0.0,0, 

1 2 p 

119.94° 


120.21° 

•c OpHp 

119.58 


119.58 


120.0 


1 20 . 0 

A 

o 

r^D 

o 

119.58 


119.26 

‘O^OgO^ 

1 19.88 


119.58 

<H 50 Cg 

'114.70 


119.0 

<00H 



119.0 <00r^H5 



TABIE 5.6 
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TH1_ rElIlITIOlS OS' THE IIOIEEMAL COORELIATBS K)R PiuiiJinOROPHBHgi 

PARAPnJO B.0 H2H Z A i'TEHYjgf "^ 


Internal 

Coordinate 

Description 

ParafTuoro- Parafluoro- 
plienol be nz aldehyde 

Internal 

Coordinate 

i Parafluoro* 
nhenol 

- Parafluoro 

- ben z aide- 

SI 

vC^Og 

vC ^02 

S26 

® ^4^5% 

3H^C^G^ 

S2 

VO 2 C 3 

VO 2 O 3 

S27 

e C 4 G 5 H 4 

aC 4 C 5 Cg 

S5 


vOjC^ 

S28 


e c^C 3 H^ 

S4 


VC 4 G 3 

S29 

a C^CgO^ 

^240 5 C 6 

S5 


'’^5^6 

S30 

BC^CgO 


S 6 


vCgG, 

S31 

eOCgG^ 

B C 3 C 6 C 7 

S7 

vC^H^ 

vC-| H-j 

S32 

BH^OCg 

B O^CgOi 

S 8 

VC 2 H 2 

VC 2 H 2 

S33 

•Y C^H^ 

BOCr^Cg 

S9 

VG 3 P 

'^C^P 

S34 


BOC^Hg 

. S10 

VC 4 H 3 


S35 

YC 3 P 

BH 3 Crj,Cg 

S11 


vOjH^ 

S36 

Y C^H 3 

B C^H^ 

SI 2 

vceo ■ 

vCgC 7 

S37 

^C 5 H^, 

Y C 2 H 2 

SI 5 

VOH 3 

^GrjO 

S38 

YCgO 

YC 3 P 

su 

aCgC^C 2 

vC^H^ 

S39 

10113 

Y G^H 3 

SI 5 

3H-jC^ Gg 

aGgC ^02 

S 40 

^ 1^2 

YG 5 H 4 • 

S16 

BII^C^Gg 

BH^G^Cg 

S41 

TO 2 C 3 

YCgG .7 

SI 7 

ctC^G 2 G 3 

eH^G^C 2 

S42 


YCrj^O 

S18 

BH 2 C 2 C^ 

“C 1 C 2 C 3 

S43 

’^*^4^5 

YG 7 H 5 

SI 9 

BH2G2O3 

BE 2020^ 

S44 

T C 30 g 

TC 1 C 2 

S20 

“02^5^4 

3 H 2 ^^ 2 ^ ^ 

S45 

T GgO^ 

^*^2^3 

S21 

9 C 2 O 3 P 

■^C2C3C4 

S46 

tG^O 


S 22 

fiPC 3 C 4 


S47 


t C 4 C 5 

S23 

ot C 3 C 4 .C 5 

PPG 3 C 4 

S48 


XG 5 G 6 

S24 

« C 3 C 4 .H^ 


S49 


TCgOi 

S25 

AJH3G4G5 

PGjCJhI 

S50 


rOgCi 


Ihe rmuiing suffixes wiiib. iiie internal coordinates (S) show tlieir 
identifying number -wbile tlie suffixes with atoms represent tbeir 
positions iOf. Pig. 5^6.) 
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TABLE .5.7 


REFINED UREY -BRADLEY FORCE -CON STAIMTS FOR PLANAR AND NON-PLANAR 
VIBRATIONS OF PARA FLUORO PHENOL AND PARAFLUOROBENZi-UljDEHYDE 


Parafluorophenol j Paraf luorobenzaldehyde 



5.15 5.00 4.100 5.51 4.100 4.100 



^CC 



0.645 





0.408 0.516 



0.258 0.345 






267 


Table 5. (contd,) 


Parafluorophenol 



0.7057 0.8033 


T 

I Parafluorobenzaldehyde 



! 0.7057 0.8033 





^CO '^OH 







0.725 0.009 




0.385 0.195 0.725 (Y ) 


r 


cc 










0.112, 0.1345,; 0.152, 0.0092 ‘ 0.085, 0. 1135, 0.152, 0.0093 

(W i 


Units: K in m dynes/^, H, F, r, t and 7 -. in lo"^^ erg/rad. 2 






Para Fluorophcnol { vapour) 







,1 



CO to '4- 
O O O 


(N 

O 


o 

o 


in 

0 » 

iT 


meter path length 


















ParaFluorobenzaldehyde ( 
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0H.AP55R l/I 

THE I IE AX GAS TPlEHPjDDyifAMn PROPERTIES OP 
GERJi Hj^"* POTSTTOIffl C R DIECUIES" "” ■” " 

ABSTRACT 

The vibrationaZ vapour-phase frequencies and moments of 
inertia, discussed in Chapters III, IV and Y have been used for 
computing the ideal gas thermodynamic properties of one mole 
gas of Pyridine E-oxide, ^v-, p-, and Y-Picolines, Parafluoro phenol 
and Psxafluorobenz aldehyde at 1 atmosphere pressure in the temper- 
ature range 100-1 500K for the first time. 



279 


6.0 INTRO DUCTI OI^ 

Tlie ideal gas thermodynamic properties for Pyridine 
H-oxide , p-, and T-Picolines, Par a flnoro phenol and Para- 

fluoro ben z aldehyde are not reported in the literature as yet. 

This is because of the non-availability of the complete 
vibrational frequencies and the mole ciilar parameters for 
these molecules. As discussed in Chapters PTI, IV and V we 
now have the complete sets of fundamental frequencic,s and 
the molecular parameters for these molecules, hence it was 
possible to calculate the ideal gas thermodjiiamic properties 
for tliese molecules. 

In this chapter, the ideal gas thgcmodyn.aiiic properties; 

Heat capacity at constant pressure (C°), entropy (S°), enthalpy 
the Gibbs energy function f-(G°-E°)/T jhave been compu- 
ted with great precision for above mclecu.les. The enthalpy 
of formation (ylHf'^), Gibbs energy of formation (AGf°), and 
log;3rithm of equilibrium constant of formation (log Kf) for 
and 7 -Pi CO lines have been evaluated. Por this the 
statistical thermodynamic method based on a rigid rotor harmonic- 
oBcillator approximation (1,2) has been emplo^red. These 
properties are talmilated at temperatures from 100 to 1500K and 
at a pressure of one atmosphere. In these calculations most 
recent values of the fundamental constants (3). were used. 

Th e currently approved atomic wei^ts used in these calculations 
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axe caxbDH - 12.011, hydrogen = 1.008, fliiroine = 18.9984? 
nitrogen = 14.0067, oxygen = 15.9994(4). 

PYR I D IHE N-OXIIB 

Hie rmo dynamics of Protonation of Pyridine II— oxide and 

its methyl snhstituted derivatives were measured spectre— 

photometrically hy Klofular et al (5)* However, the theimo— 

dynamic properties for Pyridine N-oxide vajprr have been 

computed for ttie first time using (a) the precise vapour- 

phase fundamental frequencies (6,7) discussed in Chapter III • 

(cf Appendix 6.1) (b) the three moments of inertia (8) 

(cf Appendix 6.2) and (c) the symmetry number one for overall 

rotation. The calculated values of thermodynamic properties are 
livSted in Table 6.1. 

^•2 and T-PIOOHiaLS 

Hie thermodynamic properties ofOf-, and 7~-Picoline 
have been computed for the first time. The quantities have 
been computed using (a) the precise vapour phase fundamental 
frequencies (cf Chapter lY, Appendix 6.1) (b) the three 
observed moments of inertia for 7 -picoline (9) and. computed 
moments of inertia forc.it-, and p -picoline (cf Appendix 6.2), 
and (c) the symmetry number 'one' for overall rotation and 
'three' for internal rotation. Hie contribution of the 
restricted rotation due to the presence of CH^-group has been 
evaluated from the tables of Pitser and Gwinn (10). The 
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eni/halpyj "tlie Gibbs energy and iiie eguilibriniii consban't of 

fornia'bion from 100«i»1500K were calculated for'^— ^ p*"? and 

■T— Pi CO lines using tiie computed tliermal functions and tbe eij.'. 7 h.al-“ 


pies of 


formation at 298.1 5K from tin-:, lite'-rature (11). 

Hf° (g,o<.-picoline) = 23.70 Kcal/mole 

Hf (g, ^~picoline) = 25*42 Kcal/mole 

Hf (gj Y“Picoline) = 24*41 Kcal/mole 


The enthalpy and Gibbs energy of c (12), H 2 (12) and I 2 (13) 
in their reference states were used. 


The computed thermodynamic functions have been listed in 
Tables 6.2, 6*3 and 6.4 foroc~, ^-r and T -Pico lines respectively. 

6.3 PABAPinOROPKECTOL AMD PARAPLUORO BBK Z AXPSHIIB 

The thermodynamic proper'fcies of Parafluoro phenol and 
Parafluorobenz aldehyde have neither been determined experimental- 
ly nor computed from spectroscopic data in the past. These 
quantities have been evaluated for the first time using (a) the 
precise vapour phase fundamental freqi^uncies ""iscussed in 
Chapter Y (of Appendix 6.1 ) (b) the three corntjuted moments of 
inertia using tho correct geometry of the molecules (cf Appendix 
6 . 2 ) and (c) the symmetry number *one’ for overall rotation and 
’two’ for internal rotation. The restricted rotational contri- 
butions due to OH and CHO group in Parafluoro phenol and Parafluo- 
ro bcnzoldehyde respectivelj’" have been evaluated from the Tables 
of Htsor and Gwinn (IO). These computed thermodynamic properties 
have been listed in Table 6.5 and 6.6 for Parafluoro phenol and 
Parafluorobenzaldehyde respectively. 
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JABIE 6.1 


■iP JjAl THERMO D VKT A g ppntrn'-Dmx-cr, 


-SilZl Leg. 
0.0000 




0.0000 


(h°-h°) 

* 


0 


_K0al/^oie 


0.0000 
9.251 
1 1 . 577 
14.783 
20.312 
22.267 
22.41 2 
23.172 
35.862 
40.680 
44.502 
47.593 
50,136 
52.250 
54.046 
55.564 
56 ,861 
57.974 
f30 . 9 3 5 


56.640 

60.796 

64.548 

69.959 

71.822 

71.960 

79.440 

86.763 

93.745 

100.314 

106,465 

112.222 

117.618 

122.685 

127.454 

131 .954 
136.210 

140.243 


8.376 
51 .84A 

54.554 

57.954 

59.039 

59.118 
63.264 
67.236 
71 .078 

74.790 

78.370 
81 .815 
85.128 
88.31/1 
91.378 
84.329 
97.170 

99.908 


0.0000 

0.826 

1.343 

1.999 

3.279 

3.811 
3.853 
6.470 
9.763 
13. 600 

17.866 

22.476 

27.367 

32.490 

37.807 

43.290 

48.913 

54.656 

60.502 
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m s l£)IAIi T IIBB]\([ODYIir.AMIG PROEERTIES OP PARAPLUOROPHMOL 

mm ^pElT^(?Is~^^sTAojE — — 


Temp 
Peg* K 

0° 

11 imiM.i«P 1 

s° - 

-(g°-h°)/t 

0 



CaiTPeg Bible 


KCal/MDle 

0 

0.0000 

0.0000 

0.0000 

0.0000 

100.00 

9.634 

59.703 

51 .420 

0.828 

150.00 

13*048 

64*220 

54*946 

1 .391 

200.00 

17*097 

68.519 

57.803 

2.143 

273.15 

23*341 

74*769 

61 .510 

3*622 

208.15 

17*784 

69.216 

58.236 

2.285 

300.00 

25*611 

77.063 

62.799 

4.279 

400,00 

33*442 

85*531 

67.427 

7.242 

500.00 

39*900 

93.714 

71 .873 

10.921 

600.00 

45*019 

101.460 

76.165 

15.177 

700,00 

49*082 

108.716 

80. 303 

19.889 

800.00 

52.357 

115.492 

84.283 

24.967 

900.00 

55*045 

121 .818 

88.106 

30.341 

1000.00 

57*282 

120.737 

91.776 

35.961 

1100.00 

59.165 

133.288 

95.300 

41 .786 

1200.00 

60.763 

138.506 

98.686 

47.784 

1300.00 

62.1 28 

143.425 

101 .940 

53.931 

1400.00 

63*302 

148.073 

105.071 

60.204 

1500,00 

64*316 

152,476 

108.085 

66.586 
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..EROBERTIES of P at? a pittoph T:ffn]v[ a T iPT^-prYTiFI 
llMAJj-GrAS ST A TO — - 


Temp 
Deg* K 

c° 

— 

S° 

. ual/jjeg Mole 

-(g°-h°)/t 

0 

TTHo i 1=1 

0 

0.0000 

0.0000 

0.0000 

Jx V S. Jy 1110 JL 0 

0.0000 

100.00 

11.954 

62.760 

53.268 

0.949 

150.00 

15.141 

68.189 

57.362 

1.624 

200.00 

18.671 

73.045 

60.683 

2.472 

273.15 

24.911 

79.809 

64.904 

4.071 

208.15 

19.520 

73.811 

61 .182 

2.629 

300.00 

27.168 

82.249 

66.347 

4.771 

400,00 

35.120 

91 .178 

71 .445 

7.893 

500.00 

41 .850 

99.762 

76.256 

11.753 

600.00 

47.296 

107.892 

80.8 58 

16.220 

700.00 

51 .682 

115.524 

85.271 

21 . 1 77 

800.00 

55.247 

122,666 

89.504 

26.529 

900 .00 

58.178 

129.348 

93.564 

32.205 

1000.00 

60.613 

135.607 

97.459 

38.148 

llOO.fX.J 

62.653 

HI .483 

101 .197 

44.315 

1200.0(1 

64.374 

147.010 

104.786 

50.668 

130 ( 1 . 0(1 

6 5.836 

152.222 

108.237 

57.181 

1400.0c. 

67.086 

157.148 

111 .556 

63.828 

15ovJ.0(i 

68.160 

161 ,814 

114.753 

70.592 
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lAgQim PHASE PUNDA MSSim TlERATIONjX MiEQUENOIES ' to cm”"' 


lode 

Pyridine 

N-oxide 

Oc - t i coTIne”“ 

jp^icoline ” 


"TraenBI 


6a 

540.3 

545.5 

534.0 

513.0 

523.0 

Ut;Xiyuc 

523.0 

12 

842.8 

735.0 

751 .0 

801 .0 

748.5 

855.0 

1 

1013.0 

976.0 

986.0 

996.5 

949.0 

1002.0 

18a 

1044.8 

1032.0 

1049.0 

1073.5 

1169.0 

1011.0 

9a 

1 164. B 

1147.5 

1192.0 

1192.0 

1200.0 

1147.0 

7a 

1303.0 

1297.0 

1230.0 

1223.5 

1263.0 

1 241 .0 

19a 

1460.4 

1477.0 

1481.0 

1498.0 

1514.0 

1420.0 

8a 

1609. 3 

1594.0 

1601.5 

1608.0 

1610.0 

1618.0 

13 

3045.0 

« 


- 

1318.0 to) 

1228. 5 to) 

2 

3076.0 

3024*0 

3006 .0 

3002*0 

3038.0 

3059.0 . 

20a 

3099.0 

3076.0 

3069.0 

3076.0 

3092.0 

3120.0 : 

18b 

469.3 

358.0 

340.0 

376*0 

395.0 

329.0 

6b 

637.6 

633.0 

632.0 

678.0 

640.0 

635.0 

15 

1060.5 

1050.5 

1030.5 

1094.0 

385.0 to) 

418,0toi 

9b 

1148.9 


- 


1086.0 

1200.0 

3 

1184. 5 

1 238 .0 

1243.0 

1 276 .0 

1292.0 

1289.0 

14 

1244.1 

1354.0 

1340.0 

1348.0 

1338.0 

1321 .0 

19b 

1327.3 

1435.0 

1423.0 

1420.0 

1436.0 

1503.0 

8b 

1595.3 

1570,0 

1583.0 

1578.0 

1592.0 

1602.0 

7b 

3003.0 

3024.0 

3022.0 

3039.0 

3007.0 

30ia#0 


contd 



Appendix 6 *1 

contd 


20b 3059 

3094_ 

3100 

11 230*5 

213*0 

218.0 

16b 510*5 

468*5 

400 .0 

4 671.7 

751,5 

713.0 

10b 758,5 

797.0 

785*5 

17b 881*7 

930,0 

922.5 

5 973.0 

•. 

mm 

l6s^ 4' 15*0 

401,0 

418.0 

10a 834.9 

884*0 

944*0 

17^ 989.6 

930,0 

1002.0 

ocHai(a^) - 

1382.0 

1387.0 

vdiCa^} - 

2940.0 

2971.0 

allOlUb^) - 

1103,0 

1102,5 

ocHCHCbg) - 

1453.0 

1460,0 

vGHCbg) 

2968.0 

2941.0 

iGH^Cb^} « 

1115,0 

1060,0 

0(HCH(b^) - 

1453*0 

1460.0 

vCIlCb^ ) 

2968.0 

2941.0 

X OH j 5 •“ 

125 

125 

Nh 

mm 

mm 

VOH 

mm 

mm 

OHO (rook )- 

mm 

mm 

mm 

m 


^^oo 

wm 

HP 

VCH 

'IMI 

«P. 

*^0110 



10H0 

m 

m- ■■ 
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3072 

3070 

5092 

219.0 

280.0 

329.0 

484*5 

503 

499.0 

731*5 

695*0 

720.0 

796*5 

754.0 

754,0 

871.0 

829*0 

834,0 

- 

923*0 

939,0 

388,0 

435*0 

381.0 

871,0 

810,0 

864*0 

988.0 

1015.0 

9t0.0 

1381.0 

- 


2938*0 

- 


1108.0 

- 

— 

1458.0 

- 


2967*0 

- 


1044*5 

- 


1420.0 

- 

— 

2967.0 

- 

- 

125 

-■ 


««* 

1231 

- 

mm 

36 50 

.. 

•*. 

- 

691 *0 



1383*0 

mm' 


1720.0 

. m 

- 

28 29*0 

- 

- 

93*5 
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V- 
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iPEEUDIX 6> 2 

ROIAIIOHAli COHSJMTS Of THE MOIEGniES 


pyridine’ CK»Hco'''i’iiie ' ' p •Pied line t-Picoline Parafluoro- Parafluo- 

F-*oxide plineol ■fcobenzal^ 

dehyde 



85.661 

85.913 

89.711 

85.117 

89 

.524 

99. 

.189 

I T5 

X? 

180.840 

174.129 

187.068 

200.222 

348 

.738 

519-. 

.944 

Id 

266.512 

255.245 

274.030 

283.3 70 

438 

.262 

619. 

.133 



